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CHAPTER1

INTRODUCTION

The investigation of the interaction between oblique shock waves and turbulent

boundary layers is an important problem in the design of supersonic inlets of

airbreathing propulsion systems. These interactions are known to induce changes

in the thicknessof the boundary layerand the shape of the velocityprofiles.Ifthe

pressureriseassociatedwith the incidentand reflectedshocksisofsufficientstrength,

separationof the boundary layermay occur and thisin turn willaffectthe inlet

performance. Ifnot controlled,theseeffectswillresultin lower inlettotalpressure

recoveryand increasedflowdistortion.A common method ofboundary layercontrol

involvesbleedinga portionofthe low momentum boundary layerflowthrough porous

walls,slots,or scoops.Mass removalforboundary layercontrolreducesthe thickness

of the boundary layer,increasesitsabilityto withstand higher pressure gradients

without separating,and changes the shape ofthe velocityprofiles.

Control of oblique shock wave/turbulent boundary layer interactionswith

suction have been investigatedexperimentally both in two-dimensional and

axysimmetric configurationsin a number of studies.Among these experimentswere

those of Strike and Rippey [1], Hingst and Tanji [2], Seebaugh and Childs [3], and

Sun and Childs [4], who used perforated walls to control the interaction. There

have also been experiments incorporating bleed in supersonic inlets by Hingst and

Johnson [5], and Fukuda, Hingst and Reshotko [6]. The suction in these experiments

was applied through discrete holes. An experimental investigation using continuous

suction through a porous material was performed by Lee [7], and Lee and LeBlanc [8].

A recent review of the literature on the subject of shock wave/turbulent boundary

layer interactions and their control is presented in reference [9].

The use of continuous suction through porous materials for shock wave/

boundary layer interaction control has not been studied extensively most likely for

the following reasons. The surface roughness of porous materials causes thickening

of the boundary layer which can negate the effect sought from suction. The porous



platemayhaveto bequite thick or reinforcedto sustainthepressuredifferenceon its

two sides without deforming. This can cause a high pressure drop through the porous

material requiring a lower pressure in the bleed system, which may be expensive to

implement. Porous materials, however, present some advantages over surfaces with

discrete holes or slots. A porous surface gives approximately a continuous distribution

of mass transfer and allows a better approximation of the normal velocity boundary

condition at the wall. Their study remains interesting at least for theoretical purposes

and numerical code verification.

When an oblique shock wave interacts with a turbulent boundary layer on a

porous surface the pressure rise associated with the incident and reflected shocks may

cause a variation in mass flow through the surface. This variation is not known a

priori and depends on the strength of the shock, the nature of the porous material,

and the bleed system. Experimental measurements of bleed distribution through the

boundary layer control area have been limited to the work of Hingst and Tanji [2] who

used a hot-wire probe to measure the flow rate through discrete holes. In the work

of Lee and LeBlanc [8], no local bleed measurements were made; instead the Darcy

equation was used to compute the flow distribution through the porous material from

the difference between the measured wall pressure and the pressure inside the bleed

plenum chamber. Both studies found a bleed distribution very similar to the pressure

distribution.

Continuing advances in computational fluid dynamics and computer capabilities

have provided the opportunity to calculate the interaction of oblique shock waves

impinging on a boundary layer. Numerical solutions of the mass averaged Navier-

Stokes equations for these interactions on a fiat plate and in a compression corner

[10-13], and in high speed inlets [14] have produced convincing results and reached

favorable agreement with experimental measurements. Unfortunately, for interactions

with suction the numerical solutions and experiments have not always been in good

agreement [15,16]. The major difficulty can be easily identified as the lack of accurate

turbulence models and adequate boundary conditions on porous walls.

Turbulence modeling for flows involving compressibility effects, strong pressure

gradients, and suction is a very difficult task, and among the many models that have

been tested, none has been found to be general and accurate. Of the eddy viscosity



type models, the Cebeci-Smith model [17]and the Baldwin and Lomax model [11]

ave the most commonly used forthe computations ofshock wave/turbulentboundary

layerinteractions.Shang [10]used the former model for the the computation of

shock wave/boundary layerinteractionson a fiatplateand in a compression corner

and found it to predictthe mean flow characteristicsreasonably well. Cebeci

[181extended his basicmodel to includethe effectsof pressure gradientand mass

transferand verifieditscapabilitiesforsubsonicconditions.Itsapplicationforshock

wave/turbulent boundary layerinteractionswith suctionhave been made by Knight

[16].The Baldwin and Lomax model was patternedafterthat of Cebeci-Srnithwith

modificationsthatavoidthe necessityforfindingtheedge ofthe boundary layer.Ithas

been verifiedin adversepressuregradientflowsfor shock wave/turbulent boundary

layerinteractions[11,12],but no extensionhas been made to include the effectof

bleed. A criticalreview of thismodel and itsdificienciesave given by Visbal [19I.

Most recently,Abrahavnson [15]performed numericalcomputations on the controlof

an obliqueshock wave with suctionusing the Baldwin and Lomax model modified

forbleed.The modificationemploys the additionalterms proposed by Cebeci [181for

flowswith pressuregradientsand mass transfer.

Numerical computations that must account for mass transferat the wall are

limitedby the lackofsuitableboundary conditionsformodeling boundary layerbleed.

In generalthe bleedisassumed to be a continuousflowofmass through a porous wall,

whereas experimentsare made with perforatedwallsor slots.A varietyofmethods of

definingthe bleedmass fluxdistributionhave been employed. For example, Tassa and

Sankar [20] and Hanin, Wolfstein, and Landau [21] used a constant suction rate within

the the interaction region to eliminate separation in laminar cases. For turbulent

flows, Knight [16] specified a constant bleed distribution throughout the interaction

region. The specified bleed was taken equal to the average of the experimentally

measured total suction mass flow rate. Recently, Abrahamson [15] modeled the flow

through discrete holes as an isentropic process. The flow rate was then computed

from the ratio of local wall total pressure and a specified bleed plenum pressure. A

constant was introduced in the bleed equation and adjusted so that the total mass

bled would match the value reported in the experiment of Hingst and Tanji [2].

It appears from the literature that detailed experimental information on the



effectsof continuous suction on the boundary layer propertiesin the region of

interactionwith an oblique shock wave is not currentlyavailable.Such data are

essentialforthe verificationofcomputational methods that must account forsuction

to controlshock wave/boundary layerinteractions.There isalsoa need to develop

bleedmodels to predictmass fluxthrough the wall.The presentinvestigationisboth

an experimentaland a numericalstudy of the effectof continuoussuctionthrough a

porous materialon the interactionof a two-dimensionalobliqueshock wave with a

turbulentboundary layer.The primary objectiveofthe experimentalprogram was to

investigatethe effectsofsuctionon the interactionbehavior and providequantitative

data for the verificationof computational methods and turbulencemodels that are

based on the assumption of continuoussuctionthrough porous walls.A secondary

objectivewas to derivean empiricalequation that correlatesthe mass flow with

the pressuredrop through the porous plate. This model equation was used in the

numericalcomputations as a boundary conditionon the porous wallto determine the

bleeddistribution.Since any porous materialhas some degreeofsurfaceroughness,a

seriesofmeasurements were made on a rough plateto examine the effectofroughness

on the interactionand establisha baselinedata for bleed comparisons.

The experimentalinvestigationwas carriedout in the NASA-Lewis Research

Center 30.5 cm×30.5 cm (lft×lft)supersonic wind tunnel, using the naturally

occuringboundary layeron the tunnelwalls.The interactionwas studiedon a porous

plateand arough plate.The porousplatewas made from a screentype materialcalled

Dynapore, backed by a hexagonalcellhoneycomb materialforstructuralsupport. The

rough plateinsertwas made by epoxying a Dynapore sheet with a solidaluminum

plateunderneath,in thisway the porous and rough platewillhave the same surface

roughness.The porous and rough plateswere 12.7cm (5.0in)long and 15.24cm (6.0

in)wide spanning halfthe tunnel sidewall.Tests were conducted on both platesat

free stream mach numbers 2.5 and 3.0, and total pressure of 172.3 kpa (25.0 psia) and

241.2 kpa (35.0 psia), respectively. Data are reported for a unit Reynolds number of

1.66 E7/m (5.0 E6/ft) for _f = 2.5 and 1.85 Z7/m (5.6 E6/ft) for Air = 3.0. Flow

deflection angles were varied from 0 ° to 8°.

WaD static pressure measurements were made both along the test plate centerline

and off the centerline. Boundary layer pitot pressure surveys were made upstream
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of,within,and downstream of the interactionregionusing a pitotprobe. The local

bleed ratesthrough the porous platewere measured with a hot-wireprobe mounted

in the bleed plenum chamber. An oilfilmvisualizationtechniquewas used primarily

to check for two-dimensionalityof the fow. The resultsare presentedin the form of

wallpressuredistributionsand pitotpressureprofiles.For the testswith suction,the

localmass flowdistributionsthrough the porous wallare alsoreported.

The goal of the numerical study was to compute the flowfieldcharacteristics

of a two-dimensionalobliqueshock wave/turbulentboundary layerinteractionon a

porous wallwith suction.The computationswere made usinga modifiedversionofthe

Navier-Stokescode developedby Shang [22].The numericalcode solvesthe unsteady,

compressible,mass averaged Navier-Stokesequationsusingtheexplicittime marching

scheme ofMacCormack [23]to obtaina steadystatesolution.Two modificationswere

made to the numerical code used herein.The firstone was the use of the empirical

bleed model that relatesthe mass fluxthrough the porous wall to the difference

between the localwall staticpressureand a specifiedbleed plenum pressure. The

empiricalbleedmodel offersthe advantage ofbeing ableto account forvariablebleed

distributionproduced by the streamwisepressuregradientcaused by the shock wave.

The Cebeci turbulencemodel, which accountsforthe effectsofpressuregradientand

suction,was implemented insteadofthe Baldwin and I_max model.

Numerical resultsare firstverifiedby comparison with the experimental

measurements of wallstaticpressure,totalpressureprofiles,and bleed distribution

through the porous wall. Then the flowfieldstructureisdelineatedby presenting

pressure and Mach number contours. The turbulence model and bleed model

boundary conditionwere found to give resultsthat are in fairlygood agreement

with experimentaldata in spiteof thefactthat the effectofplateroughness was not

modeled.



CHAPTER 2

EXPEP_I1VIENTAL PRO CEDURE

2.1 Wind Tunnel Facility

The experimental investigation was performed in the 30.5 cm×30.5 cm (1 ft× 1

ft) supersonic wind tunnel of the NASA-Lewis Research Center. The facility is of the

open circuit type, providing continuous operation through availability of separate

upstream high pressure air supply and downstream sub-atmospheric pressure to

achieve necessary pressure ratios for generation of supersonic flows. An overall view

of the wind tunnel is shown in Figure 1.

Math number is established by selection of one of six fixed nozzle blocks designed

for nominal Mach numbers of 1.6, 2.0, 2.5, 3.0, 3.5, and 4.0. The tunnel has the

capability of achieving total pressures in the plenum chamber up to 345.0 kpa (50.0

psia) and unit Reynolds numbers of 3.3 E6/m to 3.6 E7/m (1.0 E6/ft to 1.1 E7//ft).

Reynolds number control is obtained by adjustment of the stagnation pressure in

the plenum chamber through manipulation of throttling valves. Air temperature is

not adjustable and is typically near the ambient value with neither condensation

nor liquefaction occuring. In the present experiments, the tunnel was operated at

nominal Mach numbers 2.5 and 3.0 with stagnation pressures of 172.3 kpa (25.0 psia)

and 241.2 kpa (35.0 psia) respectively. The unit Reynolds number was 1.66 E7/m (5.0

E6/ft) for M -- 2.5 and 1.85 E7/m (5.6 E6/ft) for iV/-- 3.0. The sidewalls of the test

section are interchangeable and can be replaced with removable inserts that provide

the necessary instrumentation and equipment for any particular test requirement. A

photograph of the tunnel test section, with the suction plate, shock generator, and

pitot probe mounted in it, is shown in Figure 2. This facility has been used for many

shock wave/boundary layer interaction studies in the past and its capabilities are well

documented [24-26].

2.2 Test Plate Models

The experiments were conducted on one of the sidewalls of the tunnel test

section. An aluminum plate of 30.5 cm (12.0 in) span and 40.6 cm (16.0 in) length was

6
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fabricatedto match the tunneltestsectionwall.Itcan accomodate interchangeable

plateinserts,which are removable from outsidethe tunnel. A rubber O-ring around

the perimetercreatesan airtightcompressionseal.A sketchofthe configurationused

in the presentexperiment ispresentedin Figure 3. Two insertplateswere tested,a

porous plateand a rough non-porous plate.The porous platewas made from a 2-1ayer

Dynapore material (Model 407570, manufactured by Michigan Dynamics), which is

a stainlesssteelwoven materialused commerciallyas a filtermaterial.A photograph

of the porous material isshown in Figure4. The flattenedsurfacesare due to the

calenderingprocess (done by the manufacturer),which squeezes the woven material

to a specifiedthickness,reducing itsporosityand improving itssmoothness. The

thicknessof the sheet used was 1.5 mm (0.06in).This type of material or similar

ones have been used by other researchersforboundary layerstudies[27-30].

The strengthof the Dynapore sheetisinadequate without backup. To provide

structuralsupport as well as airducting a hexagonal cellstainlesssteelhoneycomb

structure,of0.48cm (0.19in)cellsizeand 1.9cm (0.75in)thickness,was bonded to

the porous sheet.The bonding was done allaround the edges ofthe porous plateand

on some spotsalong two lineseachone 5.08cm (2.0in)offthe platecenterline.These

spotswere carefullyselectedso asnot to affectthe wallstaticpressuremeasurements.

No check was made to evaluate the effectsof the honeycomb structureor of the

bonding on the flowuniformitythrough the porous plate.The bonding was done ina

controlledtemperature furnaceunder vacuum at the NASA-Lewis fabricationshop.

The porous sheet-honeycomb assembly was then epoxied intoan aluminum frame. A

crosssectionofthe porous plateinsertisshown inFigure5-a.Two setsofporous plate

insertswere constructed,one was instrumentedwith statictaps and thermocouples

forsurfacepressureand temperaturemeasurements and boundary layersurveys,the

otherwas leftblank forlocalbleeddistributionsurveys.A rough platewas fabricated

by epoxying a solidaluminum plateto the porous sheet (Fig. 5-b). The platewas

instrumented with statictapsonly.Both rough and porous plateshave a screenmesh

type of roughness.

Knife-edgedfenceswere mounted along the porous and rough plate insertsto

isolatethe regionofstudy from the three-dimensionalflowinthe testsectioncorners.

Similarfenceswere used by Hingst and Tanji [2]for the same purpose mentioned



above. No testswithout the fenceswere made in the presentstudy to demonstrate

theireffect;however, an oilfilm visualizationwas made on the plate surface,in

the regionbetweeen the fences,and showed that they did not disturbthe incoming

boundary layer(seesection3.1). The fenceswere 5.08 cm (2.0in) high extending

beyond theboundary layeredge ofapproximately 3.0cm (1.18in)and were mounted

7.62cm (3.0in)to eithersideof the platecenterline.A plane view ofthe testplate

which houseseitherthe rough or porous plateinsertispresentedinFigure 6. When

the porous plate insertand fenceswere installedon the testplate the porous area

open to the flowwas 15.24cm (6.0in)wide and 12.7cm (5.0in)long.

2.3 SuctionEquipment

In order to supply boundary layersuction through the porous plate,a bleed

vacuum system was attached to the testsection.This system consistedof a bleed

plenum chamber, a vacuum pump, and an exhaust system (Figure 1). The bleed

plenum chamber, having a rectangularcross section40.64 cm by 30.5 cm and a

heightof37.0cm (16.0)<12.0)<14.5in),was boltedto the outer sideofthe testsection

sidewallon which the experiment was conducted. A vacuum boost pump was used in

the bleedlineto providegreaterbleedratesthan could otherwisebe obtained simply

by bleedingdirectlyto the tunnelexhaust system. The bleed ratewas not controlled

in the presentexperiments;however, the pump maintained sufficientlylow pressures

in the bleedchamber, on the order of 3.5 kpa (0.5psia),for suctionto occur. The

exhaust system isa long pipe of 15.24 cm (6.0in) ID, which houses an orificeplate

to measure the totalbleed flowrate.The localbleed rate through the porous plate

was measured by a singlehot-wireprobe mounted on a traversingmechanism inside

the bleed plenum chamber as willbe explainedinsection2.5.

2.4 Shock Generator

A sharp leadingedge,fullspan, fiatplateshock generator,having continuously

variable incidenceand independant axiallocation,was mounted to the sidewall

oppositethe testplate.Teflonstripsa_xed to each sideofthe plateprovided sliding

sealsatthetunnelupper and lowerwalls,preventingleakagefrom one sideofthe plate

to the other.The shock generatorwas 40.64cm (16.0in) long so that the expansion

fan originatingfrom itstrailingedge reached the testwall well downstream of the

instrumented area. The shock generatorwas fixedon the forward end (closeto the
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leadingedge) to a pairofsharp edged legs(struts),each one 5.08cm (2.0in)from the

platecenterline,therebyremoving torsionaldisplacementof the plateifheldonly on

one leg.The strutswere attachedtopivots,boltedon the outsideofthe tunnelwallto

reduce blockageeffect.The rotationofthe generatorwas provided by a drivingshaft

attached to the back end of the plate.Three slotswere machined in the mounting

sidewallto allow passage ofthe strutsand drivingshaft.The mounting of the shock

generatorallowedthe plateto be moved to differentaxiallocationsso thatthe shock

wave produced would impinge near the centerof the porous and rough plateinserts.

Generator angle (and hence the shock strength) was varied by a remotely

activateddrive unit attached to the end of the generatorplate and the mounting

wall. The value of the shock generatorangle with respectto the testplatesurface

was inferredfrom the voltageoutput of a potentiometer,linkedto the drive unit,

which was calibratedagainstthe unloaded shock generatorangles.

2-5 Instrumentation

The measurements consistedofwall staticpressuresand temperatures, pitot

pressuredistributionsthrough the boundary layer,and localbleed surveysthrough

the porous plate. The pitotpressureswere obtained with a pitot probe and the

bleed flow rate with a singlehot-wireanemometer. A detaileddiscussionof the

instrumentationisgivenbelow.

2.5.1 Wall Pressureand Temperature

The surfacestaticpressuredistributionwas obtainedwith 75 pressuretaps of0.5

mm (0.02in)ID arranged insixrows parallelthe platecenterline.The two rows with

35 taps staggered0.457 cm (0.18in)from the centerlinewere combined to plot the

axialwall staticpressuredistribution.The remaining fourrows were used to check

the extentof uniformityof the flowin the spanwise direction,as willbe explained

later.The taps were closelyspaced in the interactionregionand spread out farther

away. The detailsof the arrangement and spacingof the taps isshown in Figure 7.

All tubes on the rough and porous plateswere mounted flushwith the flowsurface.

The tubes mounted on the smooth walland rough plateinsertwere fixedas shown

in Figures8-a and 8-b.The ones mounted on the porous plateinsertwere epoxied to

the honeycomb structureas illustratedin Figure8-c.

Surface temperature was measured by fivechromel-constantan thermocouples
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placed along a line parallel to and offset 4.32 cm (1.7 in) from the centerline. The

first thermocouple was mounted on the solid test plate upstream of the plate insert,

and the next four were on the porous plate (Fig. 7). No thermocouples were installed

on the rough plate insert. The static taps and thermocouples locations are referenced

to the farthest upstream static tap on the solid plate (tap 38).

2.5.2 Pitot Probe

Pitot pressure measurements through the boundary layer were obtained using

a pitot probe designed as shown in Figure 9. The tip of the probe was made of

0.508 mm (0.02 in) stainless steel tube with 0.0635 mm (0.0025 in) wall thickness,

flattened to a height of 0.41 mm (0.016 in). The probe was mounted on an automatic

traversing mechanism capable of moving axially (x-direction) and perpendicularly (y-

direction) to the test plate by two stepping motors remotely actuated by a stepping

motor driver/control unit. The driving motors and gear assembly were mounted on

the outside of the tunnel diffuser sidewall. Probe surface contact was determined

by an electrical _touch' circuit. The location of the probe when off the plate surface

was indirectly determined from voltage outputs of encoders linked to the stepping

motors, which were previously calibrated against probe positions. Since the traversing

mechanism does not provide spanwise movements (z-direction) an extension arm was

used to hold the probe 3.66 cm (1.44 in) from the plate centerline for additional

boundary layer surveys that will serve to check the two-dimensionality of the flow.

A Fluke microcomputer instrument controller_ Model 1752A, was interfaced with the

stepping motor driver/control unit through an IEEE port and a BASIC program was

written to automatically move the probe to preselected positions.

2.5.3 Hot-Wire Probe and Anemometer

Local bleed mass flow through the porous plate insert was measured by a

single hot-wire probe operated by a TSLIFA 100 constant-temperature anemometer.

The hot-wire probe, of the plug-in type, was constructed at the NASA-Lewis

instrumentation shop. A schematic diagram of the probe is shown in Figure 10-a.

The wire used was a tungsten wire of 5 _m (0.00019 in) diameter and 0.19 cm (0.075

in) length yielding an lid _- 400 (wire length to diameter ratio). The tungsten wire

was welded to two conically shaped supports (prongs) which were epoxied to a ceramic

holder. Small lead wires were used to connect the probe to the anemometer coaxial
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cable.Two probeswereusedin the present investigation; the first one lasted for one

hour of testing, the other was run for the remainder of the test, approximately four

hours. The hot-wires were calibrated for mass flow prior to measurements in a TSI

calibrator unit, model 1125. The calibration was done at atmospheric conditions.

Because measurements were carried out at low flow densities (low pressure conditions

in the bleed plenum chamber), a correction for the effect of Knudsen number was

made to the measured values as outlined in Appendix B. The probes were operated

at an overheat ratio of 1.8 for both calibration and measurements.

The hot-wire probe in its holder was mounted on an actuator inside the

bleed plenum chamber as sketched in Figure 10-b. The actuator was driven in

two perpendicular directions (x- and z-directions) by two stepping motors remotely

controlled. A translation stage, to which the probe holder was attached, served to

position the probe at a certain height above the honeycomb.

2.5.4 Documentation of Two-Dimensionality

The oblique shock wave/turbulent boundary layer interaction experiments were

intended to be _two-dimensional" in this study. This was sought because it offers

a simple flow configuration useful as a simple test case for analytic and numerical

computations. Previous studies of these interactions have always indicated the

existence of three-dimensional effects [31-34]. Suction is believed to reduce or

eliminate three-dimensionality effects. In order to verify two-dimensionality, spanwise

wall pressure measurements, boundary layer pitot surveys at a lateral location off the

plate centerline, and oil film visualizations were made.

a) Static pressures

Two lines of eight static taps each, located 1.32 cm (0.52 in) above and below the

plate centerline, were used for comparison with the centerline pressure distribution.

The taps were installed on both the rough plate and porous plate in the region where

the shock boundary layer was to occur. Six rows of five taps each were used in the

spanwise direction to check further the uniformity of the flow. Two rows were located

on the solid wall, one upstream and one downstream of the insert plate, and four on

the porous and rough plates (Figures 6 and 7).
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b) Off-axis pitot profiles

Additional pitot pressure profiles were measured along a line parallel to the plate

centerline and offset from it a distance of 3.66 cm (1.44 in). A total of nine profiles

were obtained at the same axial locations as the first nine profiles measured along the

centerline. The extension arm on which the probe was mounted for these surveys did

not permit taking additional measurements downstream.

c) Off-axis hot-wire measurements

During tests with suction, hot-wire measurements were made along two

additional lines 3.0 cm (1.19 in) above and below the porous plate centerline. This

was used to verify the uniformity of the plate porosity and check for the spanwise

variation in bleed that might result from the presence of three-dimensional effects.

d) Flow visualization

A qualitativeinvestigationof the fiowon the platesurfacewas attempted using

an oil filmvisualizationtechnique as outlined by Jurkovitch [25]. The oil film

visualizationswere made on the same platesused for measurements afteralltests

were completed. The techniquehad littlesuccessfor the interactionson the rough

and porous plate insertsbecause the oilwas eitherabsorbed by the pores or by the

suctionequipment.

2.6 Experimental Procedure

Beforethe tunnelstart-up,the pitotpressureprobe was moved to the farthest

downstream positionand away from the wall,and the shock generatorwas set at

zero angle. A leak check of the statictaps and the bleed system was made under

vacuum. The wind tunnelwas then startedand letrun forat least15 minutes before

taking data to ensure steady stateconditions.After the warm-up period,the shock

generatorwas set at the desiredangle and the vacuum pump, for suctioncases,was

startedand letwarm up forfiveminutes. The pump warming time was shortbecause

itheated up quicklyat low bleed flow rates.For the empty tunnel runs, the shock

generatorwas removed from the testsectionand the plateto which itwas attached

was replacedby a plexiglassplate insert.For M -- 3.0 tests,the nozzleblock was

replacedand the shock generatormoved forward inthe testsectionforthe shock wave

to impinge on the rough plateand the porous plateinsertatapproximately the same
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location as in the Air = 2.5 case.

The measurements encompassed the tunnel operating conditions (stagnation

pressure and temperature), wall pressures, and wall temperatures. For tests with

bleed, the pressure and temperature inside the bleed plenum chamber were recorded

as well as the pressure and temperature upstream of the orifice plate and pressure

drop across it. The latter data were used to determine the total suction mass flow

rate. To eliminate probe interference on the above measurements, the pitot probe

was moved downstream of the wall instrumentation. During boundary layer surveys,

the pitot pressure probe was moved through the boundary layer starting from the free

stream toward the wall in a series of predetermined steps. The steps were decreased as

the probe moved closer to the wall. When the probe touched the wall, the driving unit

stopped. The reading at the touch position was substracted from, and half the probe

tip height was added to all y-positions, assuring that the distances are referenced

from the wall zero position.

The local bleed surveys were made on the non-instrumented porous plate.

To check that the tunnel running conditions were the same as the ones with the

instrumented porous plate, tunnel stagnation conditions, wall pressure on the smooth

part of the test plate, and conditions in the bleed plenum chamber were recorded.

Duplication of test conditions was good; however, the total suction mass flow removed

was lower by as much as 8% with respect to tests during which the boundary layer

was surveyed. This reduction in bleed is probably due to changes in hardware in

the bleed plenum chamber. During wall pressure measurements and boundary layer

surveys, Tygon tubes, connecting static taps to the pressure measuring equipment,

were ducted through the bleed plenum chamber, while during bleed surveys, the hot-

wire traversing mechanism was mounted inside the chamber (see Figure 10). The

hot-wire probe was positioned approximately at the center of each honeycomb cell

along the centerline, 0.32 cm (0.125 in) above the surface, and the voltage reading and

probe position were recorded. During measurements, it was noticed that the hot-wire

output voltage was stable and the average of two readings only was taken at each

position. A total of 25 equally spaced points were surveyed. The spacing between

points was equal to the size of the honeycomb cell, that is 0.48 cm (0.19 in). Similar

measurements were repeated with the probe moved 3.0 cm (1.19 in) to either side of
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the platecenterline.

All pressuredataweremeasuredusinganElectronicallyScannedPressure(ESP)

systemhavinga rangeof +206.7 kpa (30 psia). The accuracy of the ESP system is

+0.1% of the full scale. The tunnel stagnation pressure was controlled typically to

within +0.1% of the nominal value during any given run. Temperature data were

measured by chromel-constantan thermocouples accurate to ±0.5°K (1.0°F). The

temperatures were determined from thermocouple EMF voltage outputs and an oven

reference temperature of 339°K (150°F). The OMEGA data tables were used for their

conversion. The axial pitot probe position was accurate to ±0.5 nun (0.02 in), while

the y-position to ±0.25 mm (0.01 in). The shock generator angle setting is accurate

to ±0.1 ° . The mean value of the anemometer voltage was converted to mass flow

using the calibration curve after correction for Knudsen number effect. The accuracy

of the hot-wire position was +0.25 mm (0.01 in) in both axial and spanwise positions.

The hot-wire readings were accurate to ±5_. The total bleed mass flow accuracy is

estimated to be better than ±5%.

2.7 Test Conditions

The investigation was conducted at free stream nominal Mach numbers of 2.5 and

3.0 . The tunnel stagnation pressure was held at 172.3 kpa (25.0 psia) for M = 2.5,

and 241.2 kpa (35.0 psia) for M = 3.0. The total temperature in the plenum remained

between 299°K and 301.5°K (538°R and 543°R) for all tests. The unit Reynolds

number was 1.66 E7/m and 1.85 E7/m (5.0 E6/ft and 5.6 E6/ft) for M = 2.5 and

M = 3.0, respectively. The boundary layer was turbulent in the test section, and

the boundary layer thickeness of the first profile measured on the smooth wall was

approximately 3.0 cm (1.18 in).

The rough plate was tested first to establish the non-suction baseline data before

performing tests on the porous plate. Each plate was tested at the two Mach numbers

with shock generator deflections of 0 °, 4 °, 6 °, and 8 °. The no shock case was

conducted with the shock generator plate removed from the test section to eliminate

any possible disturbances. The coordinates of the shock generator leading edge, with

respect to the reference station, are sketched in Figure 11. For each condition (Mach

number and shock angle), the mass flow rate bled through the porous plate was the

maximum obtainable by the suction system. The experimental test conditions are
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summarized inTable I.

Pitotpressureprofilesalong the centerlineand offthe centerlinewere measured

on the porous plateforalltestconditions,exceptforthe no shock caseforwhich only

centerlinesurveyswere made. No off-centerlinepitotpressuresurveyswere made on

the rough plate. For the 6° and 8° flowdeflectionangles,the boundary layerwas

separatedon the rough plate.No pitotpressuresurveyswere made for thesecases

because of insufficienttunnel time. In the zero deflectioncase,fivepitotpressure

profileswere measured along the centerline,threeof which were on the porous and

rough plate insertsand two on the smooth wall. On the porous plate,a totalof

12 profileswere taken along the centerlineand 9 offthe centerline,for the non zero

deflectionangles.The locationofthe pitotpressuresurveysare referencedto the first

statictap along the centerline.This zeroreferencewas 12.85crn (5.06in)downstream

of the beginning of the testplateor alternatively24.54 cm (9.66in) downstream of

the beginning of the tunnel testsection.The positionsat which the profileswere

taken are indicatedin Figure7.

2.6 Data Reduction

The pitotdata were reduced using the measured wall staticpressureand the

Rayleigh pitotfomula to calculatetheMach number distribution.The staticpressure

throughout the boundary layerwas assumed constant and equal to the wall value.

This assumption may not be completelyvalidin the presence ofsuctionand oblique

shock waves (seeAppendix A) and an experimental check should be done. The

temperature was obtained from the Crocco-Busemann relation,assuming that the

walltemperature was adiabatic.With theseassumptions,then,the velocityprofiles,

forthe zeroflowdeflectionangle,were obtained and relevantintegralpropertieswere

calculatedusing standard formulas and integrationtechniques.No velocityprofiles

were deduced forthe shock wave/boundary layerinteractioncasesbecause the static

pressureisnot constantnormal to thewallwithinthe interactionregion.



CHAPTER 3

EXPERIMENTAL RESULTS

Mean flow measurements of incident oblique shock wave/turbulent boundary

layer interactions on a rough plate and a porous plate with suction were made at

nominal Mach numbers 2.5 and 3.0. The total pressure was 172.3 kpa (25.0 psia)

and the unit Reynolds number 1.66 E7/m (5.0 E6/ft) for M - 2.5 conditions. For

M = 3.0, the total pressure and unit Reynolds number were 241.2 kpa (35.0 psia) and

1.85 E7/m (5.6 E6/ft), respectively. Stagnation temperature remained at near 300 °K

(540 °R), and wall temperature near adiabatic condition. A no-shock case was run to

establish the empty tunnel baseline data. A total of three shock strengths, generated

by plate angles of 4 °, 6 °, and 8 ° were tested. A summary of the test conditions is

given in Table I.

Experimental results are presented in the form of surface static pressures and

temperatures, and pitot pressure surveys at various axial stations along the plate

centerline and 3.66 cm (1.44 in) off the centerline. In the tests with bleed, the local

mass flow distributions through the porous plate are also reported.

3.1 Properties of the Incoming Boundary Layer

The boundary layer under investigation grows on the sidewall of the test section,

which is a continuation of the nozzle wall. Its origin is effectively at the nozzle throat

and its thickness at the first survey station is approximately 3.0 cm (1.18 in) compared

to the 30.5 cm (12.0 in) test section height and width. An oil film visualization was

used to check the uniformity of the incoming boundary layer and the effect of the

fences. Figure 12 shows that the streamlines on the smooth wall, upstream of the

rough or porous plate insert, are virtually straight and parallel to the plate centerline.

The use of fences did not seem to introduce any disturbances in the region of study.

Additional documentation on the two-dimensionality of the flow on the rough plate

and porous plate will be presented in section 3.4.

Typical incoming velocity profiles for the tests conducted at nominal Mach

numbers 2.5 and 3.0 are presented in Figure 13-a. The pitot pressure profiles measured

16
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farthestupstreamon the smoothplatewereusedto generate these velocity profiles.

For the Air = 2.5 tests the calculated free stream Mach number is found to be 2.46

±0.01 with a corresponding velocity of 571+5 m//s (1873±16 ft//s). The free stream

Mach number and velocity for the nominal Air = 3.0 tests are 2.98±0.01 and 624±5

m//s (2047±16 ft//s), respectively. The boundary layer thickness, 5, defined by the

distance at which u//ue - 0.995, is 2.7±0.1 cm (1.06+0.04 in) for A_ - 2.5 and 2.9±0.1

cm (1.14±0.04 in) for A4 - 3.0. The values are obtained by linear interpolation

between experimental points. Also shown on the plots are the velocity profiles for a

1//7 power law. The comparison shows the initial experimental profiles to be slightly

fuller than the 1//7 power law profile near the wall.

Turbulent boundary layer profiles for zero pressure gradient flows are usually

consideredto be representedinterms oftwo similaritylaws,the law of the walland

the law of the wake. The former is written as

1 +
u+ = -In_ +c

where

and

U+ -- __

Ur

_+ _ yur
]_tU

The friction velocity, ur, is defined by

1[_T

Nominal values of the constants are

(3-1)

(3-2)

(3 - 3)

= 0.4, and c = 5.1 .

(3-4)

Here the Van

Driest's generalized velocity [35,36], for an adiabatic wall, is used to account for

the compressibility effect, which is given by

,,"= _ _.in (v_) (3- 5)

where

[(_- 1)/2]M.' (3- 6)
= 1+ [(_- 1)/2]M2
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By adjusting the value of C$ , equation (3.1) was visually curve fitted to the

logarithmic part of each profile. A reasonable fit was obtained with skin friction

values of 0.00146 for M = 2.5 and 0.00132 for M = 3.0. The transformed velocity

profiles plotted in semi-logarithmic scale are shown in Figure 13-b, and are in good

agreement with equation (3-1) represented by the solid line. They exhibit a law of

the wall behavior up to about y+ -_ 1000. The deviation of the first points from

the linear curve for A4"- 2.5 is due to the large uncertainty in determining the wall

location. It can also be seen that the first data point with the probe touching the

wall is already outside the laminar sublayer.

3.1.1 Percentage of Boundary Layer Bleed

Assuming that the incoming boundary layer is two-dimensional, the mass flow

through a cross section of width b, equal to the span of the porous plate, is

" bZ= b pudy (3 - 7)

The integral is evaluated from the velocity profiles by numerical integration, using

Simpson's method, and found to be 0.475 and 0.430 kg/s (0.216 and 0.195 lbm/s) for

M -- 2.5 and 3.0, respectively. The ratio of the total suction mass flow rate, rh,, to

the mass flow rate through the boundary layer is given by (_h°/rhb_). The maximum

suction ratio was about 0.10 for M -- 2.5 and 0.09 for M -- 3.0 at the highest shock

generator angle of 8 °.

If a flow coefficient is defined as the ratio of the total suction mass flow rate to

the mass flow that would pass through an area equal to the porous area at free stream

conditions, namely

F - - P'" (3- 8)
p,U.A

then the maximum flow coefficient would be 0.016 and 0.014 for _lr - 2.5 and _lr -- 3.0,

respectively. If the average suction mass flow per unit area, p_v_, is compared to

the growth of the boundary layer mass flow on a fiat plate, (O_nbt/Oz), then another

ratio can be defined as

F' pfv, F

=
(3-9)
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For l_t - 2.5 and _ - 0 °, ._ -- 2, which means that the total suction flow rate is twice

the boundary layer mass flow growth. For the other angles, 1v_ is proportional to F.

The bleed ratios and flow coemcients are summarized in Table I for all bleed cases.

3.2 Flow in the Absence of Shock Waves

Knowledge of the properties of the flow on a rough and a porous plate with

the tunnel empty is necessary to complete information for shock wave/boundary

layer interactions. Results on the effect of suction and/or roughness are available

for subsonic flows [37-39]; however, only few experiments have been carried out with

supersonic flows [40I. Measurements in the empty tunnel were made for the following

purposes: 1) to probe the boundary layer in the absence of a shock wave, 2) to

determine the effect of roughness and suction on the boundary layer, 3) to determine

the extent of any nonuniformity in the flow, and 4) to calibrate the porous material

with the free stream parallel to the plate surface. In the following, the results for the

rough plate will be presented first, followed by the porous plate results.

3.2.1 Rough Wall Results

a) Mach number 2.5

Figures 14 show the streamwise wall pressure distribution, boundary layer pitot

pressure and velocity profiles, and boundary layer parameters along the centerline for

the rough plate insert at A4 -- 2.5 and unit Reynolds number 1.66 E7/m (5.0 E6Jft).

Figure 14-a displays the surface pressure distribution. The origin of the x-abscissa

is taken to be the first static tap on the test plate centerline. This zero reference

was located 12.05 cm (5.06 in) downstream of the beginning of the test plate. The

wall pressures are normalized by the stagnation pressure measured inside the plenum

chamber, PT. It can be seen that the pressure is constant on the smooth solid plate,

followed by a slight increase, which appears to be caused by disturbances from the

non-flush fitting of the frame with the test plate and of the rough plate with the

frame. On the rough plate, we see local perturbations (spatial fluctuations) in the

pressure. The amplitude of the oscinations is less than 5_ of the pressure value on

the smooth wall upstream. These perturbations are believed to be caused by the

roughness of the plate and the flow over the rough plate is similar to the flow over a

wavy wall of small waviness. The perturbations could also be caused by sound waves

from the backed porous sheet, which is similar here to a shallow cavity [41]. On the
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smoothregionfollowingtheroughinsert, the pressure becomes constant again. Aside

from the local perturbations on the rough plate, the flow proceeds under zero pressure

gradient conditions.

The boundary layer pitot pressure surveys, along the plate centerline, are

presented in Figure 14-b. The origins of the profiles are displaced along the horizontal

axis, in proportion to the distances at which they were measured, to show the axial

development of the flow. These origins are identified by tick marks extending below

the horizontal axis. The scale of the x-axis is shown below the first profile. The

numbers on the profiles serve to identify their axial location (see Figure 7). The first

profile was measured on the smooth wall, the next three on the rough plate insert,

and the last one on the smooth plate downstream. The first pitot pressure profile is

typical of the incoming turbulent boundary layer. The second profile shows a decrease

in slope at the wall; this decrease persists for the next two profiles downstream and

is caused by the roughness of the plate. For the last profile, the slope at the wall

increases slightly due to the transition back to the smooth wall. The profiles become

less full as the probe moved downstream on the rough plate mad the pitot pressure as

measured with the probe touching the wall decreases slightly.

Figure 14-c displays velocity profiles as deduced from the transverse pitot

pressures. The velocities are computed assuming static pressure through the

boundary layer equal to the local wall pressure and a temperature distribution given

by the Crocco-Busemann relation as explained in Appendix A. The profiles are

superimposed so that detailed information is revealed. The first profile is typical of the

incoming turbulent boundary layer flow. This is not the initial incoming profile shown

in Figure 13-a, rather it is located 4.8 cm (2.18 in) farther downstream (see Figure

7). The free stream velocity is 573 m/s (1880 ft/s), corresponding to a Mach number

of 2.47. The boundary layer thickness is 2.8 cm (1.1 in). The free stream velocity

and boundary layer thickness of this first profile are used to non-dimensionalize the

velocities and y-distances respectively for all the other profiles. It can be noticed that

the profiles become less full as we proceed downstream on the rough plate. This is

in agreement with the results of Hamma reported in reference [38] for subsonic pipe

flows and of Voisinet [40] for a flat plate at supersonic conditions. Downstream of the

rough plate insert the velocity profile becomes full again and starts to readjust to the
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smooth wallcondition.Because oftheroughnessoftherough platesome disturbances

(expansion-compressionwaves) may originateat the surface,but theseare probably

weak and thus are not revealedon the plots.

A plot of the same profileswith the y-distance and u-velocitiesnon-

dimensionalizedwith the localboundary layerthicknessand localfreestream velocity

respectivelyisshown in Figure 14-d.The plotstend to collapseon top ofeach other

in the outer partof the boundary layer;however, inthe lowerregionup to y//6-_0.8,

they stillshow the effectofroughness.

The boundary layerthicknessand integralparameters areshown as functionsof

the streamwise distancein Figure 14-e.They are largeron the rough plateand over

the smooth wall downstream of the rough part. Although not shown here,the free

stream velocityand mass flowin the boundary layerincreasealso.This isconsistent

with the expected boundary layergrowth on a flatplate.

The skin frictionon a rough plateisdifficultto determine from pitotpressure

measurements. For accurate skinfrictionmeasurements, a skin frictionbalance is

needed. This method was used by Kong and Shetz [30]in subsonicflowfordifferent

roughnesses includinga Dynapore materialand by Voisinet[40]for a screen type

roughness at Mach number 2.9 . Many empiricalequations are availablefor the

correlationof skin frictionfrom wallpitot and staticpressure measurements in

supersonic flowsfor smooth wallconditions[42,44].To the author'sknowledge, no

such correlationsexistforrough walls,and any suchcorrelationwould not be universal

because of the varietyin roughness geometries,pattern,and density.To check the

predictionof these smooth wall correlations,the calibrationequation of Abarbanel

et al [42] is used to deduce the skin friction on the rough surface. It gives a skin

friction decrease, which is in contradiction with the well known results of skin friction

increase on rough walls. This can be explained in the following way. Since the pitot

pressure measurement can only be made to the top of the roughness elements, and

because roughness makes the profiles less full near the wall, the axis of the pitot tube,

when in contact with the wall, was already outside the laminar sublayer, and hence

was subject to a lower impact velocity than in the smooth wall case, and therefore

the skin friction would appear to be lower. If the tube diameter were small enough

to probe the laminar sublayer, it might have indicated an increase in skin friction.
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For lackofa method to correlatethe skinfrictionon a Tough surface,no skinfriction

resultswillbe presentedhere.

In ordertocharacterizethe flowregimeon the rough plate,a roughnessReynolds

number parameter,which isproportionalto the roughness height-sublayerthickness

ratioisused [38,40].Itisdefinedin terms ofthe shear velocity,Ur, as

Rek -- ku'---Lr (3 - 10)
V_

k istaken asthe RMS roughnessheightofthe Dynapore materialused in the present

expriments,which isapproximately 0.25mrn (0.01in).Using the valueof u, and v_

from the smooth wallvelocityprofileatM --2.5 (u, = 22.0m/s and vw -- 1.316E-4

N.s/m z) then R,k _ 42. For M = 3.0,u_ = 10.5m/s and vw = 2.035 E-4 N.s/m 2,

which givesRek _--31. These valuesof Rek indicatethat the flowoverthe rough wall

isinthe transitionalrough regime (5 < Rek < 70).

b) Mach number 3.0

Figures15 show the resultsforM --3.0 and unitreynoldsnumber of 1.85E7/m

(5.6E6/ft).The wallpressuredistributionissimilarto the M --2.5case and shows

perturbationsthat are on the order of 4% of the smooth wall value.The centerline

boundary layerpitotpressureprofilesexhibitthe same characteristicsas those for

the Alr--2.5case.The totalpressurenear the walldecreasesslightlyforthe profiles

on the rough plate.The roughness causesa change in the slopeofthe pitotpressure

profilesatthe wall.All velocityprofilesshow a smooth monotonic decreasefrom the

freestream valuetothe wallwith no apparent externaldisturbances.The qualitative

behavior of the profiles measured on the rough plate insert is somewhat similar to

the M ---2.5case. The profilesare lessfullthan the smooth wall profileupstream,

and thisisconsistentthroughout most of the boundary layerup to about I//8_-0.8

afterwhich they tend to collapseon top ofeach other.The slopeofthe profilesat the

wall decreasesas a resultof the effectof roughness. The velocityas measured with

the probe touchingthe walldecreasesslightlyon the rough plateand shows a small

increaseon the smooth walldownstream.

The boundary layer,displacement,and momentum thicknessesfor M = 3.0

are shown incurve (e).As for M = 2.5,there isa consistentincreaseof allthree
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propertieswith axialdistance.There isalsoan increasein freestream velocityand

mass flowwithin the boundary layer.

3.2.2 Porous Wall Results

Measurements similarto the ones made on the rough platewere performed on

the porous instrumented plateat the same operatingconditions.In additionto the

wallstaticpressuresand boundary layersurveys,the walltemperature and localmass

flow through the porous platewere measured.

a) Mach number 2.5

Figures 16 show the resultsfor the testswith suction applied on the porous

wall. A suction flow rate of 0.027 kg/s (0.060Ibm/s) representing5.7% of the

incoming boundary layerwas obtained.Figure 16-adisplaysthe streamwise pressure

distribution.The pressureisconstanton the smooth part of the plate,followedby

a decreaseon the porous wallover a distanceapproximately equal to one thirdthe

porous platelength.This pressuredecreaseiscaused by suctionand isequivalentto

the pressuredrop produced by theexpansionfanoriginatingfrom an expansioncorner.

Over thislengththe subsonic part of the boundary layerisprogressivelyabsorbed

and the roughness elementsare stillembedded init,thus making the effectofsuction

strongerthan the effectofroughness.When the subsonic.regionisabsorbed,the effect

of roughness then becomes dominant and the wallpressureexhibitsperturbationsof

higher amplitude. The amplitude of the oscillationsisabout 10_0 of the smooth

wallvalue.Another phenomenon thatmay be causingthe pressureoscillationsisthe

resonance of the porous wallholes.Repeated measurements were made and showed

that the oscillationswere always present,but no time dependent measurements were

made. Perhaps theuse ofstandard pressuretapsinthe porous regiongivesresultsthat

are in errordue to suction.Furthermore,any such taps may cause nonuniformities

in the suctiondistribution.

The extentofbleedand the pressureinsidethe bleedplenum chamber are shown

on the plot.The pressureinsidethe bleedplenum was measured with two statictaps

one on the upstream and the other on the downstream wall of the chamber. The

readingsfrom the two taps were found to be within 1% ofeach other.Since the size

of the chamber islargeand the flowspeed low,itcan be assumed that the pressure

insideisconstant.
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Pitot pressure profiles taken upstream of, on, and downstream of the porous

plate insert are shown in Figure 16-b. The first profile taken on the porous plate

differs significantly from the one taken on the smooth wall. The profile becomes full

near the wall as a consequence of suction. The second and third profiles on the porous

wall show a further increase of pitot pressure and slope at the wall; they are also fuller

than the first bleed profile. The last profile obtained on the smooth wall is less full

near the wall than the previous profiles. Near the edge of the boundary layer, the

pitot pressure shows small perturbations due to the shock wave, which originates at

the end of the porous plate as the flow is turned parallel to the impermeable wall

downstream.

The velocity profiles are plotted together in Figure 16-c. The first profile is

identical to the one measured with the rough plate except near the wall where it

shows some distortion that could be an upstream effect of bleed or due to the error

in the y-location of the probe. The free stream velocity is 571 m/s (1873 ft/s) and

boundary layer thickness is 2.7 cm (1.063 in). On the porous plate, the profiles become

fuller with an increase in free stream velocity and boundary layer thickness. The last

profile becomes less full and starts to readjust to the smooth wall condition. The

important change to be noted here is the increase in the slope of the profiles near

the wall, which is typical of suction. Some wiggles in the profiles can be seen; this

is due to the expansion waves generated at the porous plate surface by suction and

perhaps also by roughness. The flow visualizations made by Lee and LeBlanc [7,81,

for flow conditions at M - 1.43, confirm the existence of such expansion waves. They

claim that the waves originate at the top of the roughness elements. It is expected

that thesewaves are strongerin the presentexperimentsbecause ofthe higherMach

numbers and bleed rates.When the velocitiesare non-dimensionalizedby the local

freestream velocityand the y-distancesby the boundary layerthickness,the profiles

seem to collapseonto one curve from y/_ __ 0.8 to the freestream (Figure 16-d);

however, below thisdistancethe effectofsuctionisstillvery distinct.

The boundary layerthicknessand integralpropertiesare shown in Figure 16-

e. The boundary layerthicknessincreasesfor allprofileson the porous wall and

for the lastprofileon the smooth solidwall. The displacement and momentum

thicknessesshow an increaseat the beginning of the porous plate followed by a
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decrease, after which they level to constant values. The integrated mass flow through

the boundary layer is found to increase over the porous wall_ which can be explained

by an entrainment of mass from the external flow into the boundary layer.

The skin friction reduction using the Abarbanel formula gives an increase in skin

friction on the porous wall followed by a decrease downstream on the smooth wall.

This increase in skin friction is expected because the velocity profiles are fuller near

the porous wall than near the smooth wall. The quantitative values are questionable

because the correlation formula does not take into account the effects of bleed and

roughness.

The mass flow per unit area as obtained from the hot-wire measurements are

displayed in Figure 16-f. The bleed distribution is approximately constant over the

length of the porous plate. The oscillations observed are expected to occur since

the wall pressure showed perturbations also. The mass flux predicted from the

porous material calibration equation (equation 3-11) is shown with dashed lines. The

prediction is in good agreement with measured values.

The wall temperature distribution is shown in Figure 16-g. The temperature

on the smooth part of the plate is 280 °K (504 °R), which is near the adiabatic

wall temperature of 283 °K (510 °R). A temperature increase of 12 °K (22 °R)

occurs on the porous wall. As mentioned in the experimental technique section,

the thermocouples installed on the porous section were mounted on the back of the

porous sheet facing the bleed flow. Since the flow through the porous plate may not

be isothermal, an increase in temperature may occur. The average wall temperature

is near the adiabatic one. The air temperature inside the bleed plenum chamber, as

measured by one thermocouple, is shown on the plot and is slightly higher than the

wall temperature.

b) Mach number 3.0

The results for Air = 3.0 and no shock condition are summarized in Figures 17.

The amount of boundary layerbleedin thiscase is0.021 kg/s (0.046Ibm/s) which

is5_ ofthe incoming boundary layer.The axialwallpressuredistributionin Figure

17-a exhibitsthe same characteristicsas those at M = 2.5.The wallpressureshows

perturbationson the porous platethat are on the order of 10_ of the smooth wall

value as found earlierat the lower Mach number.
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The pitot pressure profiles are plotted in Figure 17-b. As the porous plate is

reached, the profiles become fuller from the wall up to the free stream and this is

consistent throughout the bleed region. The profiles show no apparent perturbations

probably because of the low suction flow rate.

The velocity profiles normalized by the free stream velocity and boundary layer

thickness of the first profile just ahead of the porous plat are presented in Figure 17-c.

The free stream velocity for this profile is 624 m/s (2047 ft/s) and the boundary layer

thickness is 2.9 cm (1.14 in). The profiles on the porous plate exhibit an increase in

free stream velocity and are fuller as we proceed donstream. When the profiles are

non-dimensionalized with the local conditions, (Figure 17-d), they show no tendency

to collapse for most of the boundary layer up to about y/_ -_ 0.8. Above that they

tend to collapse to one curve.

The boundary layer integral parameters presented in Figure 17-e follow to some

extent the same trend found for M = 2.5. Both boundary layer and displacement

thickness show a small increase over the first half of the porous plate, followed

by a decrease on the other half. The momentum thickness is, however, constant

over most of the porous plate, terminated by a slight decrease over the solid wall

downstream. The predicted bleed, using equation (3-11), is shown in Figure 17-f.

The total integrated mass flux, assuming a two-dimensional distribution is 0.017 kg/s

compared to the measured value of 0.021 kg/s. Although hot-wire measurements

were made, the bleed reduction could not be obtained because the measured Nusselt

numbers were within a region that was not covered during the hot-wire calibration.

The measured values were also below the curve fitted to the hot-wire calibration data.

As explained in Appendix B, the flow regime in this case is of a mixed forced and

natural convection type.

The wall temperature distribution presented in Figure 17-g shows a 12 °K

increase at the beginning of the porous plate, followed by a decrease, and then by

an increase over the remaining of the plate. The temperature in the bleed plenum

chamber is higher than the wall temperature.
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3.2.3 Porous Plate Calibration

The resistanceto air flow (pressuredrop) through the porous material as a

functionof flowratewas determined with the flow normal and parallelto the plate

surface. The normal flow calibrationwas made outside the tunnel in a separate

apparatus as explainedin Appendix C. The parallelflowcalibrationwas made on the

porous plateinsertused in the experiments.For each Mach number the stagnation

pressureinsidethe settlingchamber was changed inordertovary the flowratethrough

the porous plate.

The resultsarepresentedgraphicallyinFigureC3 asthepressuredrop coefficient

versusthe Reynolds number based on the thicknessofthe porous material,e, (see

Appendix C). A leastsquaresfitof the data to the followingequation

_p B (3- 11)
pV----W = A + R----_

where

Re- (pv).e

givesA = 212.7 and B = 7588.0.This equationisused inthe numerical calculations

as a boundary conditionand willserveto determine the localbleed distribution

through the porous wall from the differencebetween the wall pressure and bleed

plenum pressure.

3.3 Shock Wave/Boundary Layer InteractionResults

In the absence of a boundary layer,when an obliqueshock wave reflectsfrom

a solidsmooth surface,the pressurejumps with an infinitegradient at the shock

impingement pointby an amount which depend on the shock strength.In the presence

ofa turbulentboundary layer,the pressuregradientisfiniteand the pressurerisetakes

placeover a non-zero lengthof surfacecorresponding to the shock reflection.Ifthe

boundary layerremains attached,thepressuredistributionwillriseand reach a final

value approximately equal to the inviscidpressure(Figurea). Increasingthe shock

strengthwillcause a separationregionto form upstream of the shock impingement

point with reattachment takingplacedownstream. When separationisfairlylarge,

two additionalinflectionswillappear in the wallpressuredistributionin the region

ofseparation(Figureb). The finalpressurevaluemay alsobe lower than the inviscid
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pressure rise. This definition will be used primarily as a means for detecting separation

from wall pressure distributions of tests involving the interaction of an oblique shock

wave with a turbulent boundary layer.

!
!

_ditional

f I.nflDthetiistrnibiution

X-_- x

Fig. a Attached Boundary Layer Fig. b Separated Boundary layer

3.3.1 Interactions on the Rough Plate

a) Mach number 2.5

Figures 18 show results for a flow deflection angle of 4 ° with the oblique shock

wave reflecting on the rough plate insert. The surface static pressure distribution

(Figure 18-a) has the trend of a non-separated boundary layer. A region of

approximately zero pressure gradient exists upstream of the shock impingement point,

followed by a monotonic pressure rise caused by the incident and reflected shocks,

reaching at the end a constant value. There seems to be a small increase in pressure

at the rough plate end which may be caused by perturbations from the junction of

the rough plate and the frame-test plate. The inviscid pressure rise determined from

the nominal shock angle of 4 ° and the computed Mach number of 2.46 is also shown

on the plot. The final pressure value is slightly higher than that found from inviscid

theory. This suggests that the shock wave angle was higher than the nominal value

because of the boundary layer build up on the shock generator plate. The pressure

rise is spread approximately over one boundary layer thickness.
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The pitot pressureprofiles,surveyedmainlyon the roughsurface,areplotted in

Figure 18-b.The incidentand reflected shocks are evident on the plots; they appear

as a band not a single line (smeared shocks) with the reflected shock being broader

than the incident shock. The profiles reveal a well defined boundary layer thickness

ahead of the incident and downstream of the reflected shock. As the incident shock

penetrates into the boundary layer it becomes less apparent on the plots. The pitot

pressure ahead of the interaction increases rapidly as the probe moves above the

incident shock into a region of lower Mach number. The opposite behavior occurs for

the profiles downstream of the point of emergence of the reflected shock, the pitot

pressure decreases as the probe moves above the reflected shock into a higher Mach

number region.

The profiles show a continuous decrease in slope at the wall until the end of

the rough plate, after which the slope increases again. The profiles measured in

the interaction region seem to have an inflection point near the wall, which could

be explained as follows. First, since the rough plate has interconnected pores, the

adverse pressure gradient caused by the incident and reflected shocks may induce flow

through the pores from the higher pressure side downstream of the impingement point

to the lower pressure side upstream. Second, the probe may be causing the flow to

separate. Third, the probe tip is subject to higher pressure gradient and roughness

effects causing errors in readings near the wall.

The wall pressure distribution for the 6 ° flow deflection angle at constant

Reynolds number is shown in Figure 19. The wall pressure distribution does not

exhibit the usual trend of an attached boundary layer and therefore indicates that

separation occurred. The pressure distribution shows a constant pressure region,

followed by a pressure rise to a separation point, an additional pressure rise terminated

by a change in slope, a pressure rise up to reattachment, and a further pressure rise

culminating in a constant pressure region corresponding to the pressure downstream

of the reflected shock. The final pressure is slightly lower than the inviscid value. The

pressure rise is spread over a distance of two boundary layer thicknesses.

Increasing the shock generator angle to 8 ° results in a separated interaction

as shown in Figure 20. The pressure rise begins farther upstream, almost at the

beginning of the rough plate insert. The qualitative picture of the approach to



3O

separationissimilarto the 6° deflectionangle;however, the sizeof separationis

largerin thiscaseand the lengthofupstream influencehas alsoincreased.Boundary

layerseparationalsocausesa reductionin peak pressureto a valuebelow the inviscid

pressureriseand the additionalinflectionsbecame more pronounced. The pressure

riseextendsapproximately over threeboundary layerthicknesses.

No pitotpressuresurveys were made for the 6° and 8° flow deflectionangles

because of insufficienttunneltime.

b) Mach number 3.0

For the M = 3.0tests,the shock generatorplatewas moved forward in the test

sectionso that the shock wave would impinge approximately at the same locationas

forthe M - 2.5case.The resultsforthe 4° deflectionangle are shown inFigures 21.

The wall pressuredistribution(Figure21-a)shows a typicalunseparated interaction.

The finalpressurevalueishigherthan the inviscidpressure.The distanceoverwhich

the pressureriseoccursislower than that observed at M = 2.5.

The boundary layerpitotpressure profiles(Figure 21-b) show a development

similarto Figure 18-b for a non-separated interaction.The incidentand reflected

shocks are apparent on the plots.

As previouslyobserved at M = 2.5,a wall pressuredistributionindicativeof

separatedflowisobtained atM = 3.0forshock generatoranglesof6° and 8° (Figures

22 and 23).The pressurerisebeginsslightlyfartherdownstream and the separation

regionissmaller.The finalpressurereached islower than the inviscidpressurevalue

and ismore pronounced forthe 8° flowdeflection.

The evidenceof extensiveflow separationcan be seen in Figure 24 which isa

photograph of the oilfilmvisualization.The oilon the surfacewas gathered in the

separation region, which spread over a length of approximately 5 cm (two boundary

layer thicknesses).

3.3.2 Interactions on the Porous Plate

In all the results to be presented, the bleed region extended upstream and

downstream of the shock impingement point.

a) Mach number 2.5

Typical results for the flow deflection angle of 4 ° are presented in Figure 25. A
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suctionflow rateof 6.6% of the incoming boundary layermass flow was obtained.

The surfacestaticpressuredistributionisshown in Figure25-a.The pressureon the

solidwall and porous plateup to the pressureriseisidenticalto the one measured

with no shock (seeFigure 16-a).The pressureriseisslightlysteeperrelativeto the

one obtainedon the rough plate.Itisfound that the pressuremakes a step-upas the

flowpassesfrom the porous plateto the solidsmooth wall,afterwhich itdecreases

slightly.The finalpressurevalueisslightlyhighercompared to the peak reachedwith

the rough plateinsertand isalsohigherthan the inviscidpressure.This increaseis

caused by the shock wave generatedby the flowturningparallelto the solidsmooth

wall. Perturbationsin pressureare apparent in the plotsand thesewere caused by

roughness elements and/or sound waves from the bleed chamber as explainedearlier

(no shock case).A verystrikingdifferencefrom the rough platetestsisa downstream

shiftin the shock impingement location.As suction absorbs a portionof or allthe

subsonic layerthe shock wave penetratesdeeper into the boundary layer and the

pressurerisemoves downstream. Although with suctionthereshould be a decreasein

upstream influence,with the pressureperturbationsitisdifficultto distinguishsuch

an effectfrom the plot.The bleed plenum pressurewas assumed uniform; itsvalue

isindicatedon the plot,along with the extentof bleed.Most of the bleed areawas

upstream of the shock impingement point.

Figure 25-b shows the boundary layer pitotpressure profiles.The firsttwo

profilestaken on the smooth wallareidenticalto the ones taken with the rough plate

insertat M = 2.5. The effectof bleedon the boundary layerisseen manifested at

the fourthprofilewith an increaseinboth pitotpressureand slopeat the wall.There

seems to be no effectof bleed on where the incidentshock wave crossesthe edge

of the boundary layercompared with the interactionon the rough plate;however,

thereisa noticeableeffecton the reflectedshock. The reflectedshock emerges farther

downstream and isbroader than the rough platecase.The additionalshock from the

bleed cut-offcan alsobe seen from thelastpitotprofile.

The profilesdownstream of the bleed region are much fullerthan the ones

upstream. The lastprofileshows a decreasein pitotpressurenear the edge of the

boundary layer,which iscaused by the shock wave from the bleed cut-off,and an

additionaldecrease from the reflectedshock wave. A decrease in boundary layer
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thickness can be seen from the plots. The profiles surveyed on the porous plate show

that the pitot pressure remains constant over some distance perpendicular to the wall.

In this region the streamlines are curved due to suction and the pitot readings will

have errors due to the angle of attack of the flow relative to the probe axis.

The local bleed distribution is shown in Figure 25-c. It shows some scatter,

but on the average it is constant before the shock impingement, followed by a slight

decrease just before the pressure rise, and then by an increase due to the pressure

rise associated with the incident and reflected shocks. It can be said that the local

bleed distribution follows the trend of the wall pressure. The total suction flow rate

is 0.032 kg/s (0.07 Ibm/s). The integrated mass flow, assuming a two-dimensional

distribution, is 0.035 kg/s (0.077 Ibm/s). The difference is due to the errors in hot-wire

readings and total mass flow measurements, and the assumption of two-dimensionality

may not be exact|y true. The prediction of mass flow distribution using the empirical

equation presented in section 3.2 (equation (3-11)) and shown by the dashed line

follows very closely the wall pressure variation. The integrated mass flux of this

prediction is 0.031 kg/s, which agrees remarkably well with the measured value.

Wall temperature as recorded by five thermocouples is shown in Figure 25-d.

The temperature on the smooth wall is 280 °K, followed by a 10 °K increase on

the porous wall. The wall temperature increase probably is not caused the shock

wave/boundary layer interaction, but rather by the fact that the thermocouples were

not mounted flush with the flow surface. The temperature inside the bleed plenum

chamber is also shown on the plot and is very near the porous plate temperature.

Figures 26 show results for the 6 o flow deflection angle. The static pressure

distribution shown in Figure 26.-a indicates that the boundary layer remained

attached. The pressure rises sharply in this case and the upstream influence is reduced

compared to the rough wall. The average pressure downstream of the reflected shock

is equal to the inviscid value. The pressure inside the bleed chamber stayed well below

the wall pressure ahead of the interaction region so that the pressure gradient along

the plate causes no recirculation (reinjection) through the porous plate upstream. The

final pressure value is essentially unchanged from the non suction case (Figure 22).

The difference between the pressure inside the bleed plenum and on the wall ahead

of the pressure rise caused by the interaction decreases from the previous case of 4 °
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flow deflection; however, downstream of the reflected shock the pressure difference

increases.

The pitot pressure profiles are displayed in Figure 26-b. The increase in pitot

pressure is seen in the fourth profile. The reflected shock wave angle has also increased

as can be seen on the I0 th profile where the pressure decrease occurs farther away

from the wall. The last profile shows an additional pressure decrease that is caused

by the shock wave from the bleed cut-off. The pitot pressure profiles on the porous

plate show a constant region perpendicular to the wall, similar to what was seen with

the 4 ° flow deflection angle.

The bleed distribution shows a lot of scatter (Figure 26-c). Variations of ±30%

around the mean value are encountered. It is relatively constant before the incident

shock and increases at the location of the pressure rise. The total mass flow is 0.038

kg/s (0.084 Ibm/s) which corresponds to a 20_ increase over the 4 ° deflection. The

integrated mass flux is 0.037 kg/s (0.08 Ibm/s). Here again the prediction of bleed

flow from the correlation equation follows the wall pressure distribution. It predicts a

higher bleed downstream of the reflected shock than the measured one. The integrated

total mass flow using the predicted values from equation (3-11) is 0.041 kg/s (0.09

Ibm/s).

The walltemperatureshows a fairlyuniform distributionascan be seen inFigure

26-d. The temperature isin generalslightlylower than previouslyfound forthe 4°

deflectionangle.The differencebetween the plenum temperature and the porous wall

temperature increasedslightly.

The resultsfor the 80 shock generatorangle are shown in Figures 27. The

wall pressuredistibutionshown in Figure 27-a indicatesthat the pressurerisehas

moved forward and the pressurepeak has increasedas a consequence of increasein

shock strength. There is no indicationof boundary layerseparation.The highest

pressurereached downstream of the reflectedshock isequal to the inviscidpressure

rise;however, most ofthe data pointsare below it.

The pitotpressureprofiles,especiallythe ones downstream of the interaction

region,are fulleron the porous wallbecause of the increasein suctionrate (Figure

27-b).The shock penetratesintothe boundary layerfartherupstream and the angles

of the incidentand reflectedshocks arehigher.The disturbancesfrom the bleedcut-
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offare much sharper than with the lower deflections.These are visiblein the last

threeprofiles.

The bleed distribution(Figure 27-c) shows lessscatterand followsthe wall

pressurevariation.Lessmass flowisbled ahead ofthe pressureriseand more behind

it.The totalsuctionmass flowis0.049 kg/s (0.108Ibm/s) correspondingto a 28%

increaseoverthe 6° flowdeflectionanglecase.The integratedbleed flowrateis0.055

kg/s (0.12Ibm/s),which is12% higherthan the measured value.The predictionof

mass removalusingequation (3-11)isfound to agreewith the measured valuesand is

equal to 0.055kg/s. The riseinbleed distributionusing thisequation occursbehind

the pressurerise.The predictedvaluesare alsohigher than the measured values.

This discrepancyismost likelyto be caused by a higher incidentshock wave angle

during the bleedsurveys.

The walltemperature distribution,presented in Figure 27-d, shows a similar

distributionto Figures 25-d and 26-d for the lower deflections.Increasingthe

shock strengthand thereforethe bleed does not seem to affectnoticeablythe wall

temperature.

b) Mach number 3.0

Resultsfor Air = 3.0 testcaseswith suctionare shown in Figures 28 through

30. The shock reflectionson the porous plate occured at approximately the same

locationsasfor M = 2.5 tests.The resultsfor the 4° deflectionangle are presented

in Figures28. The wallpressuredistribution(Figure28-a)ishigherthan the inviscid

pressurevalue. Since,for the same shock angle,the boundary layeron the rough

platewas not separated,the effectofsuctionon the wallpressureisseen here as an

additionalincreaseover and above the inviscidpressurerise.The differencebetween

the pressurepeak and the inviscidpressurerisewas largerthan that at Air = 2.5.

The pitotpressureprofilesshown in Figure 28-b are fullerthan those measured on

the rough plate.

The bleed distributionas predictedfrom equation (3-11)isplottedin Figure

28-c.The totalmass flowis0.019kg/s compared to the measured valueof0.22 kg/s.

Deducing bleedfrom the hot-wiremeasurements and the hot-wirecalibrationcurve

was not possiblefor Air- 3.0 cases. The correctedhot-wire data was below the

calibrationcurve,in a regionof mixed forcedand naturalconvection (seeAppendix
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B). The wall temperature shows an increase over the beginning of the porous plate,

followed by a decrease, and then by a slight increase.

Results of the 6 ° flow deflection angle are shown in Figures 29. The wall pressure

distribution (Figure 29-a) indicates no sign of separation and the rise is sharper than

that of the rough wall distribution. As a result of the increase in wall pressure

downstream of the reflected shock, the level of pressure inside the bleed plenum

pressure has increased. This causes a reduction in upstream bleed and an increase

in bleed downstream of the interaction region. The average pressure reached on the

reflected shock side is close to the inviscid value. Downstream on the impermeable

wall, the pressure is higher than the inviscid pressure. The pitot pressure profiles

(Figure 29-b) are much fuller than the ones surveyed on the rough wall under similar

conditions. They are also fuller than the profiles for the 4° flow deflection. The

fullness of the profiles is a result of both an increase in shock strength and suction.

The reflected shock wave and the shock from the bleed cut-off are sharper in this case.

In Figure 29-c, the bleed distribution is seen to follow the wall pressure distribution.

The predicted total mass flux, using equation (3-11), is 0.029 gk/s which is equal to

the measured value.

The results for the flow deflection of 8 ° are presented in Figures 30. The wall

pressure (Figure 30-a) shows a sharp rise in the interaction region, indicating that

the boundary layer is attached. The average pressure reached downstream of the

interaction region is lower than the inviscid value, while on the impermeable wall, the

pressure is higher than that of inviscid theory. The pressure inside the bleed plenum

pressure is near the wall pressure ahead of the shock impingement point. The pitot

pressure profiles show an increase in incident and reflected shock angles. They are

also fuller than the profiles for the 6 o flow deflection angle. The total predicted mass

bleed using the porous material calibration equation is 0.041 kg/s, which is higher

than the measured value of 0.038 kg/s. The wall temperature exhibits a continuous

increase on the porous plate.

3.4 Two-Dimensionality

3.4.1 Rough Wall

a) Spanwise wall pressures

The spanwise pressures measured at the six axial locations are plotted together
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in Figure 31 for the four shock strengths at M = 2.5. The pressures on each row

are referenced to the centerline value. The 0 ° flow deflection (no shock) case shows

a maximum deviation of +4_ with respect to the value on the centerline, which

indicates that the boundary layer is fairly uniform in the spanwise direction. The

4 ° deflection case shows scatter of ±10_; however, at x = 17.57 cm the deviation

increases to +30_. This streamwise station is located within the pressure rise region

and any slight curvature of the shock will show on the spanwise pressures. Results for

the 6 ° deflection show deviations of +6%. There is no large scatter in the spanwise

pressure distributions for this flow deflection angle. For the 8° flow deflection, the

deviations are within ±6_, except for the location x = 10.26 cm, which is within the

interaction region.

In Figure 32 the distributions at M = 3.0 are presented. The qualitative behavior

is similar to the M = 2.5 results. Quantitatively, the deviations quoted above have

almost doubled.

b) Off-centerline wall pressures

Figures 33 and 34 show superimposed plots of the centerline pressure distribution

and the additional lines above and below it for M = 2.5 and 3.0 respectively at the

four deflection angles. The off-center]ine pressures fall exactly on the centerline ones

for all deflection angles. This leads one to believe that the interactions on the rough

plate insert were two-dimensional at least over a region 2.64 cm (1.04 in) wide. Since

these off-centerline static taps were installed only on the downstream half of the

rough plate insert, nothing can be said about the 6 ° and 8 ° shock angles for which

the pressure rise occurs on the forward part of the rough plate. No off-centerline pitot

prssure profiles were made for the tests with the rough plate insert.

c) Flow visualization

Figure 24, shown earlier, is an oil film visualization made at _1r = 3.0 for the

highest shock angle (8 ° flow deflection). It shows that the boundary layer is separated

and that the separation region is straight, not curved. However, since no details of

the separation are revealed from the visualization it does not provide any additional

information.
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3.4.2 Porous Wall

a) Spanwise wall pressures

Figure 35 shows spanwise surface pressure variations at M = 2.5 for the four

shock strengths. A substantial scatter in spanwise pressure on the porous plate can

be noticed. The maximum deviation is about +20% of the centerline value. The

spanwise pressure distribution for the M = 3.0 case is presented in Figure 36. It shows

a distribution similar to that of the preceding case but with a slightly higher deviation.

The scatter in spanwise pressure for the 0 ° deflection angle (empty tunnel) suggests

that the bleed and therefore the porosity of the plate is not uniformly distributed.

Some other possible causes of the large scatter found in this case are due to the non

flatness of the porous plate surface. A close inspection of the porous plate revealed

ondulations of +0.13 mm (0.005 in) with respect to the mean in both spanwise and

streamwise directions.

b) Off-centerline wall pressures

The off-centerline and centerline wall pressure distributions are compared in

Figure 37 for the four deflection angles at m = 2.5. The pressure rise due to the

incident shock occurs at the same axial location for the three lateral distributions.

In general, the off-centerline pressures show a little more scatter. This is expected

since we have seen a lot of scatter in the spanwise direction. The distributions for

the M = 3.0 case are shown in Figure 38. They show similar behavior to that of the

M = 2.5 cases; however, the scatter is larger. This is in agreement with the spanwise

pressure distributions (Figure 36).

c) Off-centerline pitot pressures

The pitot pressures surveyed 3.65 cm (1.44 in) from the plate centerline are

compared with the centerline profiles in Figure 39 at M = 2.5 for the nonzero

deflection angles. The first three profiles taken on the solid wall are exactly the

same for both centerline and off-centerline distributions. The same is true for the

first profile on the porous plate (fourth profile). The difference starts to show on the

profiles affected by the incident and reflected shocks. The pitot pressure increase on

the incident shock side occurs at a slightly lower position for the off-centerline profiles.

On the reflected shock side, the decrease in pitot pressure for the off-centerline profiles
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occursabovethat of the centerlineprofiles. This suggeststhat the shockwaveis

slightly curvedupstream. In Figure40, the comparisonsat A4= 3.0 indicate that

the departurefrom thecenterlineprofilesis not largecomparedto that at A_= 2.5.

d) Off-centerline bleed distribution

The bleed distribution surveyed 3.0 cm (1.19 in) above and below the porous

plate centerline at A_ --- 2.5 are compared with the centerline distribution in Figure

41 for the four deflection angles. The off-centerline distributions are within -_10_

of the centerline values. The scatter in the data does not show any trend of three-

dimensionality. Rather it indicates that measurements with hot-wires in low density

and low velocity flows are not too reliable. Part of the scatter could be caused by

sound waves inside the bleed plenum chamber and vibrations of the wind tunnel.

An oil flow visualization study was made on the porous plate with suction

applied. The oil on the porous area was absorbed and no traces were left on the

surface. On the solid smooth wall, before and behind the porous plate insert, the

surface streamlines were straight and parallel to the plate centerline (see Figure 14).

From the comparisons presented above, it can be concluded that the interactions

on both the rough plate and the porous plate are not extensively two-dimensional

throughout the whole span. They may be considered to be so over the central strip of

1/3 the porous plate and rough plate span. The departure from two-dimensionality

on the porous plate can be attributed to three causes, 1) non uniformity of the plate

porosity, 2) waveness of plate surface, and 3) curvature of shock wave. All these

causes can be present at the same time; however, the results of the empty tunnel

comparisons indicate that the nonuniformity of the plate porosity is most likely the

major cause of departure from two-dimensionality.

3.5 Comparison of Rough and Porous Plate Results

A summary of the wall pressure distributions along the rough plate and the

porous plate centerline with the different shock angles including the empty tunnel

measurements are presented in Figure 42 for A_ = 2.5 and in Figure 43 for A_ = 3.0.

Tests on the rough plate insert show that, for the weaker shock (4 ° flow deflection),

the boundary layer remained attached. For the stronger shocks the boundary layer

was separated and the separation region increased with the increase in shock angle.

Suction as high as 10_ of the incoming boundary layer eliminates separation. The
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pressurerise is sharperand approachesthe inviscid case. Suction introducesa

favorable pressure gradient at the beginning of the porous plate. The wall pressure

exhibits perturbations that are higher than with roughness.

Removal of part of the boundary layer mass flow resulted also in significant

changes in the boundary layer pitot pressure profiles as shown in Figure 44 and 45.

They are fuller than those for the rough wall and hence are capable of withstanding

higher pressure gradients. The effects of roughness on the pitot pressure profiles are

relatively small compared to suction effects.

3-6 Comparison with Other Work

The results obtained with the porous plate appear to correlate very well with the

experimental results reported by Hingst and Tanji [2]. The test configuration used

herein is the same as that used by Hingst and the same flow probing is employed.

In their experiment, bleed was applied through discrete holes extending over an area

of 12.0 cm span and 5.0 or 2.5 cm length. The wall pressure distributions of their

measurements did not show any noticeable disturbances because the static taps were

located on solid areas of the perforated wall. It is found in both experiments that

suction produces a decrease in pressure over the porous wall and eliminates separation

that would have occured in the case with no bleed. The bleed distribution was found

to follow to some extent the wall pressure distribution. No direct comparisons can be

made since the extent and amount of bleed are different in the two experiments.

The results axe also qualitatively in good agreement with the measurements

reported by Lee and LeBlanc [8], who surveyed a shock wave/turbulent boundary

layer interaction on a continuous porous wall at M - 1.43. In their experiments,

the bleed zone was 23.5 cm long. No disturbances were found in the wall pressure

distribution because of the small number of static taps used in the bleed zone and

low suction rates. Their Schlieren flow visualizations showed clearly the existence of

expansion waves originating at the porous wall surface. The bleed distribution was

inferred from the difference between the wall pressure and bleed plenum pressure using

the Darcy equation. The bleed was found to follow the static pressure distribution.

As in the present experiments, suction produced fuller pitot pressure profiles on the

porous wall than the ones on an impermeable wall.
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NUMERICAL CALCULATIONS

The objective of the numerical calculations is to demonstrate the possibility of

using a bleed model to predict the bleed distribution instead of relying on experimental

results to provide such information. The calculations were peformed using the

numerical code developed by Shang [22], which employs the explicit finite-difference

scheme of MacCormack [23]. The basic problem is the computation of the steady

flow resulting from the interaction of an incident oblique shock wave with a turbulent

boundary layer on a flat plate including the effect of suction on the interaction.

As indicated in Figure 46, the incoming supersonic flow is deflected by an oblique

shock wave generated externally. Boundary layer bleed is distributed along the wall

upstream and downstream of the shock impingement point to prevent flow separation.

4.1 Governing Equations

The governing equations are the unsteady, compressible, Navier-Stokes equations

for mass-averaged variables written in strong conservation form [22,46]. The two-

dimensional form of the equations in cartesian coordinates is

OU OF OG

_-+_-_x+-_-y =0 (4-1)

where the flux vector components are

F = pu' - u== (4 - 3)
puv - rfv

(pe- ===)u - r=v._ - _=

G = puv - r_ (4 - 4)
pu 2 -- ov_/

(pe - ors,)t, - r. v.u - (_v

4O
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The apparent stress components, mean specific total energy, and heat fluxes are given

by

2 au av au

o-=_-- -p- g(,_+c)(_ + _) + 2(. + c)_
2. 8u at, 8v

",,, = -P- gt"+e)(_ + _)+2C,,+e)_

8u 8v

(4 5)

e = C.T + l(u= + v=)

/i_) aT#1== -Cp( p.P---+ I:',, 8z

!__)oT
O, = -CP(_- + p,.,

Auxiliary relationships included in the system of equations are the equation of state

for a perfect gas

1
P= pRT = "_- 1 [(pe)- _ ((pu) 2 + (pv)=)] (4-6)

P

and Sutherland's viscosity law

/J = 1.468 x 10 -e
TI.S

T + 110.6
(4- 7)

In the above equations, p is the density, u and v are the x- and y-components of

velocity, and p is the thermodynamic pressure. The molecular Prandtl number is

P, = 0.72 and the turbulent Prandtl number is assigned a constant value of Pr* = 0.9.

4.2 Turbulence Model

The Cebeci model isused in the presentcalculationsin the form describedin

reference[18].Itisa two regionmodel in which the eddy viscosity,c,isgiven by

{Q, fory<ycc= - (4--8)
Co, fory>yc

where yc isthe distancefrom the wallat which Cobecomes lessthan c_.

In the innerregion

.,=,k'y'D'l_y[ (4- 9)
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where k, the Von Karman constant, and D, the Van Driest damping factor, are given

by

k=0.4

y+

D = 1 - ezp(- _--_)

y+ Yttr

Vw

A + =
26.0

_ + _ ezp(ll.8v+)} 1/2-P' [ezp(ll.8v +) 1] +
v+ t

Vw

q- tLw

Ur

(4- 10)

For a nonporous wall with pressure gradient, A + reduces to

26.0

A+= [1- ll.8pq-] 1/2 (4- 11 /

If, in addition, p+ = 0, then A + = 26.0. In the Cebeci-Smith and the Baldwin and

Lomax models, A + is assigned the value of 26.0 and no pressure gradient correction

term is used.

In the outer region, Clauser's defect law is used

eo = O.O168pU,,,axS_*FKI,b (4- 12)

where 5i*isthe kinematicdisplacementthickness(thebasicscalingofthe outer layer)

and FKl,b is the Klebanoff intermittency correction given by

(4-13)

(4-14)
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In the Cebecimodel,the boundarylayeredgevelocityis usedin equation(4-

12) and (4-13), and the boundary layer thickness is used in equation (4-14). The

need to determine the boundary layer thickness and edge velocity in the outer

formulation constitutes a major disadvantage of this model. This is particularly true

for interacting boundary layers because the boundary layer edge is not readily defined.

As discussed by Visbal and Knight [19], the boundary layer edge is complicated by

the presence of shock waves, which introduce variations in the direction normal to the

boundary and by the presence of small spurious oscillations in the numerical solution.

In order to remedy to this di_culty, Shang and Hankey [10] used the maximum

velocity, u,_x, insted of ue and the integration was taken over the height of the

computational domain, h. They also dropped the intermittency function claiming

that it has no effect on the computations. In the present calculations, it was found

that the omission of FKteb will produce an eddy viscosity that increases monotonically

from the wall to the free stream, which is unphysical. When it was retained, using

8_ as a length scale, instead of the boundary layer thickness, 6, the eddy viscosity

exhibted a maximum in the vicinity of the wall and decreased to a very small value

near the boundary layer edge.

4.3 Coordinate Transformation

A coordinatetransformationisutilizedto map the (z,y) physicalspace onto a

square in the (_,7})computational space (Figure47). A highlynonuniform gridin

the physicalspace ismapped onto a uniform setof gridpoints

_ = (i- 1)A_ i= 1,1L
(4-15)

Tj - (J- 1)AT j----1,JL

where IL and JL are the number of grid points in the _- and T-directions respectively.

The use of such transformation permits the implementation of simple finite difference

relationships.

By definition

(3- 16)
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A generaltransformationof the spatialcoordinatesof the form

= _(x,_)

n= nCx,_)

isappliedto equation C4-1)which then becomes

where

aU aF aF aG 8G

_= = J Yn

G = -Jxn

_= = -JY6

_v = Jz(

and J is the Jacobian of the transformation

(3- 17)

(3- 18)

(3-19)

J = 1/(_ - x.y_) (3-20)

The metrics can be readily determined if analytical expressions are available for

the inverse of the transformation. In the present code, the metrics are computed

numerically using central differences.

4.4 Numerical Procedure

The numerical code uses the explicit finite-difference, predictor-corrector

algorithm of MacCormack [23] (unsplit version). When the MacCormack scheme

is applied to equation (4-1), the following algorithm results :

Predictor

At (F" F" At/G,_
U._ = UZ; _, '+'.; - '.i) - _' '.;+' - G_,;) (4- 21)

Corrector

= - - ,..,j_ly.i (4- 22)

This scheme is second-order accurate in both space and time. The method first

obtains an approximate value U.n.+1,,_ , at each mesh point using two forward differences
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to approximate the two spatial derivatives. The approximate solution is then used in

the second equation, using backward differencing, to obtain a new value U._+ 1 To
$,.7 "

maintain second order accuracy, the x-derivative terms in F are backward differenced

while the y-derivatives are approximated with central differnces. Likewise, the y-

derivative terms appearing in G are differenced in the forward direction, while the

x-derivative terms are approximated with central differences.

The method is conditionally stable subject to a CFL time step restriction

[22,23,45]. The stability requirement is met if

At < (_t)CFL (4 - 23)

where

(4- 24)

where the contravariant velocity components are defined as

u_ = ,_=_+ _v': (4 - 2s)

Since the stability analysis used to determine (At)cFL does not contain viscous terms,

a safety factor, a, is used :

,_t= ,_CAt)CFL (4--26)

The value used in the present calculations is 0.8. The minimum time step at a fixed

j grid points is used to advance the solution for all grid points at that level.

As part of this algorithm, a fourth-order pressure damping term [22,45] is

incorporated to supress numerical oscillations. In essence, artificial viscosity-like

terms are implemented in each sweep direction of the form

8_p
(4 27)

1 a'Pl (4- 28)_._,(_.)"[IU,.,I+ (_-+ ._)1/",_]_I._--_-_-_

MacCormack [23] recommends damping constant values between 0.5 and 1; however,

Shang [22] uses values of_ between 2 and 3. The value used in the present calculations
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is0.8.The numerical damping isof significanceonly in the vicinityof shock waves.

Itspreads the shock over severalgridpoints.

The governingequations are solvedin dimensional units. The S.I.system of

units isused for allvariables.Since the steady stateflowfieldsolutionisobtained

by time integrationof the Navier-Stokesequations from a given initialcondition,

a convergence criteriamust be specified.The computations were consideredto be

converged when

ma x D?+ 1 - [
r.,, P_J < 10 -4 (4- 29)

s,_ p_j

4.5 Computational Domain and Grids

The computational domain, shown in Figure 46, has physical dimensions of 30

cm×8 cm (approximately 10_o x 2.3_o). The inflow boundary is located in a region

of no influence from downstream, ahead of the incident shock and the bleed zone.

Physically, it corresponds to the station at which the first pitot pressure profile was

surveyed in the experimental program. The outflow boundary was placed far enough

downstream from the bleed zone to be in a region of zero streamwise flow gradients,

but not far enough so that the reflected shock would cross the outflow boundary.

The heightof the computational domain (2.38o)was chosen so as to obtain free

stream conditionsalong the upper boundary and to ensure the emergence of the

shock through the downstream boundary.

For turbulentflows,the high velocitygradientsnear the walldictatea finemesh

spacing to achieveadequate numerical resolution.A commonly accepted criteriaof

a mesh Reynolds number of the order oftwo isusuallyused [19].With shock waves

and suction,the normal and streamwise gridspacing are requiredto be sufficiently

fine,particularlywithinthe interactionregionand on the porous wall,to resolvethe

boundary layerdevelopment and the computed shock wave structure.

The computationaldomain isdividedintotwo regions.A stretchedfinemesh is

used near the wall to resolvethe part of the flowwhere the gradientsare high;the

restof the domain isdescribedusing a stretchedcoarsemesh. The gridpointsin

theseregionswere distributedexponentiallyas follows:

Ay = Ay_[Ayl/Ay2] (a_n-s)la_n for 1 _< J _< J_n
(4- 30)

Ay = Ays[Ay2/Ays] ('T'_af-s)l('1-'1_n)for J_n < J -<J_==
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J_n= 15

J_,o== I00

Ayl = 0.001 rnm

Ays = 0.I mm

Ays = 2.0mm

In the streamwise direction,the gridpointswere clusteredat the beginning and at

the end of the bleedzone. Ahead ofand behind the bleedregion,a constantstepsize

isused. For allcasescomputed, the gridconsistedof 200 pointsin the streamwise

directionand 100 points in the normal direction.The shock wave/boundary layer

interactionswith no suctionwere computed using 200 equallyspaced gridpointsin

the streamwise directionand 100 stretchedpointsin the normal direction.

4.5 Boundary and InitialConditions

In order to completely definethe problem, suitableboundary and initial

conditionsmust be specified.The followingboundary conditionsare prescribedon

each iteration,which consistofsweeps in both the x- and y-directions.

a) Upstream Boundary Conditions

The upstream velocityprofilewas prescribedas follows.In the laminar sublayer,

for y+ < 6.0,the laminar sublayerequationisused

u+=y+ (4-31)

where u+ isgiven by equation (3-2).Afterrearrangement,The u velocityisthen

u 1 . rV_ peu, y_ 1 (4 32),:;=  -nL ,-,,'j

In the overlap and outer layers, the velocity profile is obtained from the law of the

wall-law of the wake for compressible boundary layers [35,36]

= ------,=sin (arcsinv/_)1+ lu--_-_In(_)- 1.25_u" (1+cos (4- 33)
u_ _ _ u_ "

where u is given by equation (3-6) and the values of CI and _ are taken from the

experimental velocity profiles on the smooth wall (Figure 13). The incoming velocity
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profilesfor the computations are compared with the experimental profiles in Figure

48. It shows good agreement, although no experimental data points are within the

laminar sublayer. The static pressure is assumed to be constant in the direction

normal to the wall; it is determined from the total pressure and Mach number. The

temperature is determined from the Crocco-Busemann equation assuming adiabatic

wall temperature.

Once T and p are determined, the density, p, is obtained from the perfect gas

equation. The above inflow variables were held fixed for all subsequent iterations.

The normal velocity component of velocity is set equal to zero. The assumption of

zero v velocity is not totally justifiable; however, an estimate from the incompressible

continuity equation on a fiat plate gives a maximum value of v on the order of 1% of

the free stream velocity. In some trial runs, extrapolation of v from interior points

did not prove to be successful.

b) Wall Boundary Conditions

On the solid wall, the no slip condition is applied tangent to the wall (u = 0).

The normal velocity on the solid wall is taken equal to zero. In the bleed region, the

normal velocity is obtained from the difference between the wall static pressure and

a specified bleed plenum pressure, according to the empirical equation presented in

section 3-2. When equation (3-11) is rearraaged, a quadratic equation is obtained

A(p,_)_+ B__(p,_)._ pzxp= 0 (4- 34)

the solution of which is

=-_ + [(_)_ +4Ap_p]_/_
(P_)"= " 2A

The densitywas laggedin time in orderto solvethe above equation.

The wall temperature is obtained using the assumption of adiabatic condition

aT

_w--O

The derivative is differenced using two interior points.

(4-s5)

(4- se)
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The pressure at the wall is computed from the steady y-momentum equation.

Taking into consideration the no slip condition at the wall, this equation simplifies to

(4-3v)

+_ -

Second-order three-point differencing is used to discretize this equation at the wall.

After the temperature and pressure are determined, the density is obtained from the

equation of state.

c) Downstream Boundary Conditions

Since the flow behind the reflected shock is supersonic, except in a relatively

thin subsonic region near the wall, all variables along the downstream boundary are

extrapolated from interior points. A second-order extrapolation condition is used.

a2U

a=-_--= o (4- 38)

A three point backward differencing is used to discretize this equation.

d) Outer Boundary Conditions

The outer boundary conditions for the present analysis consists of two segments.

In the region before the incident shock, that is along B-C in Figure 46, the free stream

conditions, p_, u,, T,, p_, and zero normal velocity are prescribed. Behind the incident

shock wave, along C-D, the post-shock conditions were specified using inviscid oblique

shock wave theory. The anticipated reflected shock is permitted to pass through the

downstream boundary (segment D-E).

e) Initial Conditions

The time-dependent finite-difference method presented requires a set of intial

values for all variables at all grid points. The variables at the incoming boundary

were specified at all streamwise locations

u(0,=,,_,) = u(0,0,_,) (4- 39)



CHAPTER 5

_RICAL RESULTS

The numerical code was used to calculatethe interactionof an obliqueshock

wave with a turbulentboundary layeron an adiabaticflatplate with and without

suction.The calculationswere made atM --2.46and 2.98and totalpressureof172.3

kpa and 241.2kpa (25.0psiaand 35.0psia),respectively.The totaltemperature was

set at 300 °K. Oblique shock waves corresponding to flow deflectionanglesof 4.5°,

6.5°, and 8.5° with respectto the horizontalcrossedthe upper boundary of the

computational domain at a distanceXoh (Figure46). The flowdefectionangleswere

increasedby 0.5° relativeto the nominal valuesto takeinconsiderationthe boundary

layergrowth on the shock generatorplate.Table IIsummarizes the conditionsfor

which the computations were made. For the bleedcalculations,the bleed zone starts

at 9.0 cm and ends at 22.1 cm extending beforeand behind the interactionregion.

The bleedwas startedand cutoffprogressively.

The numericalresultsarepresentedin two groups.First,coparisonsofpredicted

and experimentalresultsareshown. In thesecond group,the featuresofthe computed

flowfieldarepresentedin terms of Mach number and staticpressurecontours.The

resultsdemonstrate that the numerical code iscapableof accurate predictionof the

detailsofthe flowfieldstructure.

5.1 Interactionson a SolidWall

5.1.1 Mach number 2.46

Numerical resultsfora 4.5°flowdeflectionangle(27.5°shock angle)on a smooth

solidwall are compared with the experimentaldata obtained on the rough wall in

Figures 49. Figure 49-a shows the wall staticpressuredistribution.The overall

pressureriseis predictedwen, but the locationof the initialpressure riseoccurs

downstream of the measured distribution.The predictedinteractionlengthissmaller

than measured experimentally.The finalpressurelevelreached downstream of the

reflectedshockstillshows a veryslow increase,whilethe measured pressuredecreases

slightly.

5O
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The numerical and experimental pitot pressure profiles are compared in Figure

49-b. The pitot pressures are deduced from the computed total pressures and Mach

numbers using the Rayleigh pitot formula. The profiles are linearly interpolated

between the two closest stations. All important qualitative features of a nonseparated

interaction are predicted, e.g., the shock wave reflects on the solid _vall as a single

broad wave which emerges through the downstream boundary. The predicted and

measured profiles are in close agreement before the shock impingement point, but

on the reflected shock wave side, the shock angle is lower than the experimentally

observed angle. The numerical profiles are also fuller than the experimental profiles

within and downstream of the interaction region. The disagreement between the

experimental and numerical results found here can be attributed to the fact that the

computations are made on a smooth wall and no effect of roughness is modeled in the

numerical code.

The predicted skin friction distribution is shown in Figure 49-c. It shows a

sudden decrease at the beginning of the domain, followed by a constant region

before the interaction, a decrease and then by an increase in the interaction region.

Qualitatively, this distribution agrees with previously reported numerical results [13].

The value of the skin friction is positive throughout the whole domain indicating no

sign of separation. Some oscillations are seen at the axial location where the incident

shock crosses the outer boundary of the computational domain. This is is likely to

be caused by insufficient grid resolution.

The wall temperature (Figure 49-d) is almost constant before the interaction

region, followed by a 20 °K increase downstream of the reflected shock wave.

Figure 49-e presents the static pressure profiles throughout the interaction

region. The profiles display the pressure peaks and inflections caused by the incident

and reflected shocks. The static pressure is in general constant normal to the

wall above and below the shock wave, but increases at the location of the shock.

These distributions are in agreement with the numerical results of Wilcox [46] and

experimental results of Rose [47]. This points out that the velocity profiles deduced

from pitot pressure measurements and the assumption of constant pressure normal

to the boundary are in error in the interaction region.

In Figure 49-f, the computed Mach number profiles are presented. These profiles
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clearly show the incident and reflected shocks. Comparisons with corresponding

profiles deduced from the measured pitot pressure profiles were poor. The discrepancy

comes from the difference between the numerical and measured pitot pressure profiles

found in Figure 49-b, and the use of constant static pressure normal to the plate

surface for the deduction of velocity profiles. The Mach number and pressure contours

are presented in Figures 49-g and 49-h, respectively. They show the essential features

of a supersonic interacting fiowfield.

For the higher shock angles (6.5 ° and 8.5 ° flow deflection angles), the calculations

could not be carried through. The non-dimensionalized pressure gradient, p+, in

equation (4-11) is high and the term in the denominator becomes negative. Separated

flow could be predicted if the pressure gradient term is dropped; this was the case in

reference [10] and [11].

5.1.2 Mach number 2.98

Results for M = 2.98 and a flow deflection angle of 4.5 ° (shock angle of 23 °) are

summarized in Figures 50. The computed wall pressure is displayed in Figure 50-a,

together with the experimental data taken on the rough plate. The calculations were

made in this case by dropping the pressure gradient term, p+, from the inner eddy

viscosity equation (equation (4-11). If p ÷ is kept, the denomenator of equation (4-11)

becomes negative and the computations stopped.

The computed pitot pressure profiles (Figure 50-b) are in close agreement with

the experimental profiles before the interaction, but are fuller farther downstream.

As indicated in the discussion of M -- 2.46 case, the observed differences between

the predicted and experimental results may be partially attributed to the neglect

of roughness effects. The computed skin friction distribution (Figure 50-c) shows a

small separation region. The wall temperature is presented in Figure 50-d; it shows a

sudden increase in the interaction region, followed by a decrease. In Figure 50-e, the

computed static pressure profiles are seen to provide additional confirmation of the

variation of static pressure normal to the wall, which is associated with incident and

reflected shocks.
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5.2 Interactionson a Porous Wall

5.2.1 Mach number 2.46

Results for a 4.5° flow deflectionangle with bleed are shown in Figures

51. In Figure 51-a,the computed surfacepressuredistributioniscompared with

experimental data. It shows a decreaseat the beginning of the bleed zone, after

which itlevelsoffto a constant valueequal to the averagemeasured pressure.The

decreasein wall pressureiscaused by the introductionofthe velocitynormal to the

wall.In the interactionregion,the pressurerisessharplyand isinagreement with the

experimental pressurerise.The finalpressurereached downstream of the reflected

shock shows some perturbations.Itislower than the measured pressures.There are

alsopressureoscillationsat the footofthe pressurerise.Since the pressuregradient

isexceptionallylargehere,itispossiblethesediscrepanciesarecaused by insufficient

gridresolutionin the streamwisedirection.An increaseinstaticpressurecan be seen

at the end of the bleed zone as the flowturns parallelto the impermeable surface.

Downstream of the bleed zone,the wallpressureisconstant and ishigher than the

measured data.

The computed and experimentalpitotpressureprofiles,shown in Figure 51-b,

are in good agreement upstream ofand withinthe interactionregion,but are slightly

fullerthan the measured profilesfartherdownstream. This differencemay be caused

by the effectof roughness on the measured profiles.The predictedprofilesshow

allimportant detailsof the experimentalprofiles(e.g.,locationof pressurepeaks).

Inspectionof the profilesshows the existenceof expansion waves and shock waves

generatedat the beginning and the end of the bleedzone.

Figure 51-c compares the computed and measured bleed distributions.The

predictedmass fluxfollowsexactlythewall staticpressuredistributionas expected

from equation (4-35). The integratedtotalmass flux,assuming two-dimensional

distribution,is0.03 kg/s which is7% lower than the measured value. Considering

the simplicityofthe bleedmodel, thepredictionisgood forengineeringapplications.

The computed skinfrictioncoefficientdistributionisplottedin Figure 51-d. It

isconstanton the solidwall,followedby an increase,ofapproximately fivetimes the

smooth wallvalue,at the beginningof the porous wall.At the shock impingement

point,the skinfrictioncoefficientexhibitsan additionalincreaseas the suctionflow
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rate increases. Downstream of the reflected shock, it is almost constant up to the end

of the bleed region, after which it drops to a value slightly higher than the value on

the solid wall upstream of the bleed zone. The skin friction drop occurs over a short

distance. The overall skin friction increase is about 20 times the value on the smooth

solid wall before the porous plate. Numerical oscillations are present on the plot at

the location of the pressure rise.

The predicted wall temperature, shown in Figure 51-e, shows an increase on the

porous wall and a decrease toward the end of the bleed area, followed by an increase

farther downstream on the impermeable wall. Although the predicted temperatures

are slightly higher than the measured values, it seems that the use of the adiabatic

wall condition is an acceptable assumption.

The computed static pressure profiles throughout the boundary layer are

presented in Figure 51-f. They show that the static pressure is not constant

perpendicular to the wall, especially in the interaction region and over the porous

area. Deviations of as much as 50% from the wall value are encountered here. In

comparison with the solid wall static profiles, it can be seen that in the presence of

suction the pressure increase is sharper and the shock wave penetrates deeper into the

boundary layer. This is essentially due to the absorption of part of the subsonic layer.

These results point out that pressure gradient effects at the surface of a porous wall

should be accounted for by use of the y-momentum equation at the wall (equation

(4-37)). This also emphasizes that flows under these complex conditions can not be

described by boundary layer equations.

The predicted Mach number profiles are plotted in Figure 51-g. There is a

decrease in Mach number above the incident shock and an increase above the reflected

shock. There are also some wiggles in the profiles indicating the existence of expansion

and shock waves from the beginningand end of the bleed region.

Mach number contours are shown in Figure 51-h. The incidentand reflected

shock waves are clearlyseen.As the flowpassesover the porous area,an expansion

wave isgeneratedat the beginning of the bleed because of the introductionof the

velocityperpendicularto the wall. Between the incidentand reflectedshocks the

flowisseento turn toward the wall. At the end of the bleed zone, a shock wave is

produced asthe flowturnsparallelto the impermeable platesurfaceand the velocity
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normal to the wall becomes zero.

Contours of static pressures are presented in Figure 51-i. Here again the flowfleld

structure is delineated and the incident and reflected shock waves appear as a band of

finite width. The incident shock is seen to be curved near the porous wall. Expansion

waves and shock waves from the beginning and end of the bleed zone are also produced.

The expansion wave is slightly bent as it crosses the incident shock wave.

Similar comparisons for the 6.5 ° flow deflection (29.0 ° shock angle) at M : 2.46

are shown in Figures 52. The agreement between the analysis and experiment for all

boundary layer properties is still good. The total suction mass flow rate predicted is

equal to the measured value of 0.038 kg/s.

In Figures 53, the comparisons between the numerical and experimental results

start to deteriorate when the flow deflection angle is increased to 8.5 ° (shock wave

angle of 31.0°). The predicted results exhibit the same characteristics as those

found with the smaller deflection angles. The comparisons indicate that the effects

of roughness can not be neglected and should be modeled in order to improve the

numerical predictions.

5.2.2 Mach number 2.98

Results for M - 2.98 and a flow deflection angle of 4.5 ° (23 ° shock angle) are

summarized in Figures 54. Figure 54-a compares the computed and experimental

wall pressure distributions. The comparison is good in the bleed area up to the shock

impingement point. The predicted pressure rise is sharper than in the experimental

data. Downstream of the reflected shock, the wall pressure is lower than the

experimental values. Here again the pressure exhibits oscillations at the foot of the

pressure rise.

Comparison of the computed and experimental pitot pressure profiles is shown

in Figure 54-b. The agreement is good, except for the last two profiles, where the

predicted pitot pressures are slightly lower than the measured values near the edge

of the boundary layer. The expansion wave from the beginning of the bleed zone as

well as the shock wave from the bleed cutoff are seen from the numerical profiles.

The bleed distribution , skin friction, and wall temperature are presented in

Figures 54-c, 54-d, and 54-e, respectively. These distributions are very similar to the

distributions obtained at M - 2.46 for the same deflection angle•
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The static pressure profiles are shown in Figure 54-f. Before the interaction

region, the static pressure is constant above and below the incident shock, but

increases sharply upon crossing the shock. In the interaction region, the incident

shock is seen to reflect near the surface. Farther downstream, the static pressure is

fairly constant normal to the wall below the shock, followed by a decrease due to

the shock from the bleed end, another decrease from the reflected shock and finally a

nearly constant region. Above the reflected shock, the pressure shows a small increase

due to the emergence of the expansion wave from the beginning of the bleed zone.

The static pressure contours (Figure 54-i) shows a smeared shock, but as

the shock penetrates into the boundary layer, it becomes thinner. The incident

and reflected shocks are slightly bent close to the porous surface. The reflected

shock and the additional shock from the bleed cutoff coalesce and emerge through

the downstream boundary as a single shock. This strenghtening of the reflected

shock explains the sharp static pressure decrease seen in the static pressure profiles

downstream of the interaction region.

The resultsforthe flowdeflectionangleof6.5° (24.5° shock angle)are presented

in Figures 55. The wallpressureiswellpredictedbeforeand within the interaction

region.Fartherdownstream, the predictedpressureismuch lowerthan the measured

values.The computed pitotpressureprofilesareingood agreement with themeasured

profilesbefore the shock impingement point. On the reflectedshock side,the

qualitativefeaturesof the floware predicted;however, the quantitativeagreement is

poor. The predictedangleofthe reflectedshock islowerthan the angledepictedby the

experimentalprofiles.The bleed distributionfollowsthe wallpressuredistribution,

givinga totalsuctionmass flowof 0.025 kg/s, compared to the measured value of

0.029 kg/s. The skin frictionhas increasedrelativeto the previouscase of a lower

flowdeflectionangle and ismainly due to the increaseinsuction.The predictedwall

temperature ishigher than the measured values. The oscillationsproduced in the

wall pressuredistributionsare alsoseen on the bleed,skin friction,and somewhat

more on the wall temperature distribution.The remaining flow characteristicsare

very similarto the 4.5° flowdeflectionresults.

No calculationswere made forthe 8.5° flowdeflectionanglebecause the pressure

measured insidethe bleed plenum chamber was almost equal to the wall static
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pressure upstream of the interaction region. Since the computed wall pressure exhibits

oscillations at the foot of the pressure rise that increase in amplitude with the shock

strength, the predicted pressure becomes lower than the bleed plenum pressure and

the bleed rate can not be obtained from the porous plate calibration equation.

Typical values of computer time required to get a converged solution on the

CRAY XlVIP-2 are 20 minutes of CPU time. The number of iterations required to

reach the imposed convergence criteria was around 3000. It should be noted that the

numerical code is capable of handling general coordinates transformation, although

such flexibility is not needed for the simple geometry considered here. The computer

time listed above could be reduced by one half if the code were written for the fiat

plate geometry.

Considering that the turbulence model was derived for equilibrium boundary

layer flows with low suction or injection rates and moderate pressure gradients, it

predicts well the overall features of the complex flow studied here.

For computations with large pressure gradients and large suction rates, an

extremely fine grid is needed near the wall. If the grid is not refined, the solution

becomes unstable and the predicted profiles exhibit oscillations near the porous

surface. This model could be improved upon by including the effect of surface

roughness. A different formulation for the outer eddy viscosity could also be used

to avoid the necessity of determining the edge of the boundary layer.



CHAPTER6

CONCLUSIONS AND RECOMMENDATIONS

Detailedmeasurements of mean flow properties through the region of interaction

between incident oblique shock waves and turbulent boundary layers on a rough

plate and a porous plate with suction were obtained at a number of conditions. The

experiments were carried out at free stream Mach numbers of 2.46 and 2.g8 and

unit Reynolds numbers of 1.66 E6/m and 1.85 E7/m respectively, and flow deflection

angles of 0 °, 4 °, 6 °, and 8 °. The experimental data gathered served as a test case for

the verification of numerical computations.

Two-dimensionality of the flow was documented through quantitative

measurements of surface static pressures, boundary layer profiles, and bleed surveys

at lateral locations off the plate centerline. The measurements indicate that the

interactions were fairly two-dimensional over the central strip of 1/3 the rough and

porous plate width, but the two-dimensionality is less clear beyond that. This can

be attributed to the nonuniformity of the porous plate and to the perturbations

introduced by roughness.

The effect of roughness resulted in only small changes in the pitot pressure

and velocity profiles for the empty tunnel runs. Roughness of the type used herein

(transitional roughness) affects the boundary layer profiles primarily very close to the

wall; the outer portion of the profiles is not disturbed very much.

It is found that, for the weaker shocks (4 ° flow deflection angle), the boundary

layer remained attached, while, for stronger shocks, a separated region formed. The

size of the separation region increases with shock strength and is Mach number

dependent. For the higher Mach number, the extent of separation decreased.

Suction has significant effects on the flowfield and boundary layer properties.

The primary effect is to provide a higher shear stress boundary layer, which can then

undergo a higher pressure rise before separating. Suction results in a decrease in

boundary layer thickness accompanied by an increase in the fullness of the velocity

profiles. These changes are reflected in reduction in displacement and momentum

thicknesses.
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Suction introducesa favorablepressuregradientat the beginning of the bleed

zone and produces a shock wave at the end of the bleed regionwhich turns the

flow parallelto the impermeable wall. It isfound alsothat suctioncombined with

roughness produces perturbationsin the wallpressuredistribution.

The resultsof the shock wave/boundary layerinteractionsshow that the use

of suctionwithin the interactionregionis effectivein suppressingboundary layer

separation.The pressureriseissharper and approaches the inviscidcase. Suction

seems to move the shock impingement point downstream as compared to the rough

wall.

The localbleed measurements show that the bleed distributionvarieson the

porous walland followscloselythe wallpressuredistribution,that is,the localbleed

rateisprimarilya functionofthe localflowconditions.The bleed variationiscaused

by the pressuregradientproduced by the incidentand reflectedshock waves. This

indicatesthat numerical computations made with a specifiedconstant velocityor

mass fluxon a porous wallmay be inaccurateforflowswith severeadverse pressure

gradientssuch as in the presentexperiments.

Numerical solutionsofthe unsteady,compressible,mass averaged Navier-Stokes

equations with the Cebeci turbulence model and an empirical bleed boundary

condition are compared with experimentalmeasurements of shock wave/turbulent

boundary layerinteractionson a porous wall. For the varietyof conditionsstudied,

the predictedresultsare generallyin good qualitativeand quantitativeagreement

with the experimentalmeasurements.

The followingconclusionscan be drawn. The surfacepressuredistributionsare

generallywell predicted. The decreasein pressure due to suction is produced at

the beginning of bleed as well as the pressureincreaAeand shock wave at the end

of the bleed zone. The pressureleveldownstream of the reflectedshock isslightly

underpredicted,most likelybecause ofthe lackof gridresolutionnear the wall.The

pressureon the solidwalldownstream ofthe bleed regionisoverpredictedand stays

constant,while the experimentsshow a decrease.The numerical solutionsproduce

some oscillations,which could be caused by insufficientgridresolutioninthe area of

largepressuregradientand high mass transferat the wall.

The locationand angle of the reflectedshock wave is well predicted. The
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predicted pitot profiles downstream of the interaction region are slightly fuller than

the experimental profiles; this is because the roughness of the porous plate is not

modeled. Comparison of the results on a smooth solid wan and a rough wall indicate

that neglecting surface roughness, although in the transitional regime, is not entirely

valid. The effect of roughness should be modeled in order to improve the predicted

results; however, the effect of suction is much stronger than the effect of roughness.

Considering the simplicity of the bleed boundary condition used, the predicted

bleed distribution is in fairly good agreement with the measurements. It should be

remembered that the uncertainty in hot-wire measurements in low density flows is

high. The predicted static pressure profiles indicate that the static pressure normal

to the wall is not constant within the interaction region and in the vicinity of shock

waves. Variations of up to 40_ were found at J_f = 3.0 and flow deflection of 8.5 °.

Considering the complexity of the flow and the limitations on the Cebeci

turbulence model, the computer code provides a rather accurate description of the

flow structure and the details of the shock wave/turbulent boundary layer interaction

including the effects of suction. The failure of the model to predict solutions for

higher shock wave angles on impermeable walls shows that it is not a suitable model

for separated flows. It should be recalled that the model was developed and tested

for mild pressure gradients.

Recommendations for Future Work

On the basis of of the present study, a number of recommendations can be made.

First of all, the effects of roughness and suction in zero pressure gradient supersonic

flows should be investigated in order to improve on the turbulence model and the

boundary conditions at the wall.

With regard to further experimental investigation of the effect of suction on

shock wave/turbulent boundary layer interactions, it is recommended that additional

porous materials with different bleed flow rates be tested. Since suction can not be

separated from roughness, a useful test would be a smooth porous plate to identify

the cause of wall pressure oscillations.

It is further recommended that more pitot pressure profiles with refined y-

increments be made in the bleed region to resolve the wave pattern of the reflected

shock.
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Flow visualizationsconsistingof schlierenphotographs similarto the ones

reported in reference[8]would be helpfulin revealingadditionaldetailsof the flow

structure.

Extensivecalibrationof porous plateswith the flowparallelto the surfaceare

needed to improve bleed modeling.

Local bleed measurements with hot-wiresisa difiiculttask because of the low

velocityand low densityinsidethe bleedplenum chamber. It isrecommended that

hot-wiresbe calibratedunder conditionssimilarto those in the experiments.

On the numericalside,one couldimprove the turbulencemodel by adding terms

to account forsurfaceroughnessand tryother models. The Cebeciturbulencemodel

was developedwith the assumption ofasymptotic suctionconditionsand was verified

over a limitedrange of experimentaldata. A more realisticturbulencemodel should

be developed forhighersuctionratesand severepressuregradients•There isalsoa

need forimprovement in the downstream boundary conditions.
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APPENDIX A

DATA REDUCTION

The pitot data were reduced using the measured wall static pressure and the

Rayleigh pitot fomula to calculate the Mach number distribution. The static pressure

throughout the boundary layer was assumed constant and equal to the wall value.

This assumption may not be completely valid in the presence of suction and oblique

shock waves and an experimental check sould be done. The temperature was

obtained from the Crocco-Busemann relation, assuming that the wall temperature

was adiabatic. With these assumptions, then, the velocity profiles were obtained and

relevant integral properties were calculated using standard formulas and integration

techniques.

A.1 Quantities in External Flow

If we assume that the expansion of the flow from the settling plenum to the

tunnel test section is isentropic and the static pressure is constant normal to the wall

(boundary layer theory), then the local Mach number in the free stream is given by :

2 _-_ 1/2

with ,_ = 1.4

M, = 5°'5[Cep,/P.)°.2ss'- 1]0.5 CA- 2)

where Pp, is the pitot pressure in the free stream and P. the wall static pressure.

The isentropic flow relationships for the free stream temperature Te, density Pe, and

velocity ue are

T, : TT (A- 3)
1 + 0.2MI

P_ (A-4)

u. = M,a, = M, vZ_RT,
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The unit Reynolds number per meter isthen

Re -- peue

where/_ isthe viscosity,which isobtainedfrom Sutherland'stemperature law

T°'S [N/m_.s] (A- 7)
/_e : 1.468 x 10-eTe + 110.6

A.2 Variables through the boundary layer

a) Empty tunnel surveys

In order to determine Mach number distribution through the boundary layer

from pitot pressure measurements, knowledge of the static pressure distribution is

alsoneeded. In boundary layertheory,the staticpressureisassumed to be constant

normal to the wall. The validityofthisassumption forflowswith mass removal at

the wallisquestionable.Rose [48]found,by solvingthe Navier-Stokesand boundary

layerequations,thatthe staticpressurewas not constantinthe cross-streamdirection

when bleed was applied,with the variationbeing higher for increasedbleed rate.

Despite the uncertaintyin the assumption,itwas used here and experimentalcheck

of itsvalidityisneeded. The wall staticpressurewas then combined with the pitot

pressureto form the ratio(Pa,/P,,)from which the localMach number was computed.

For P_,/P,, < 1.893,the subsonic Mach numbers were computed from the

isentropicflow equation

-- (1 + -_M') (A- 8)P.

that is
2 _-_

= [V__I(P,/P.) " - lJ_/" (A-O)M

For Pp/P,, > 1.893,the supersonicMach numbers were calculatedby iteration

from the Rayleigh pitotformula

Pv _ _- ,_+1V. = ( M')
(27M' - _/+ 1) _

(A- I0)
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The static temperature in the boundary layer was assumed given by the Crocco-

Busemann equation

T=T,,, +(Ta,,, -T,_)
u rU 2

u. 2Cp
(.4-11)

where the adiabatic wall temperature is computed, assuming a recovery factor of

0.896, from

To_ =T_+

The velocity distribution is given by

0.896u_

2C,

=M T

(.4-

(A- 13)

Since the measured wall temperature showed some scatter and, on the average, was

close to the adiabatic temperature, the wall temperature was assumed to be adiabatic.

b) Shock wave/boundary layer interaction surveys

The assumption of constant static pressure normal to the wall in regions of

shock wave/boundary layer interactions is not totally justified. For example, Rose

[47] found a 40_ pressure jump across an oblique shock wave of 9 ° flow deflection

angle at M = 4.0. Numerical computations by Wilcox [46] have also shown large

variations in pressure normal to the wall. Since there is ample evidence that the

static pressure is not constant along the normal to the wall and the effect of bleed

and roughness are unknown, no velocity profiles were deduced from the pitot pressure

measurements.



APPENDIX B

HOT-WIRE CALIBRATION

AND CORRECTION

The procedure followed in obtaining the hot-wire calibration and correction for

the effect of Knudsen number are given in this Appendix. The use of hot-wires

for mass flow measurements requires calibration before testing. The basic variable

measured by a hot-wire sensor is the rate of heat transfer from the wire to the fluid.

Since this is not generally the variable of interest, a calibration of bridge voltage vs.

flow velocity is made. The calibration was done outside the wind tunnel using a

TSI calibrator unit (Model 1125) (Figure B1). The calibrator provides a calibrated

chamber flow based on the Bernoulli equation. The hot-wire was placed inside the

middle chamber D2 for low velocity calibration and outside nozzle D1 for higher flow

velocity. The mass flow rate was varied by the needle and regulator valves. The

pressure differential, Ap, across the orifice was measured with a water manometer.

The orifice velocity is related to Ap by the following equation

Vor = _2gp_ Ahw (B 1)

where p, and p_ are the densities of water and air, respectively. The calibration

conditions were the local atmospheric conditions (14.36 psia and 74 °F). Mass flow

through the inside chamber D2 is determined via its steady-state relationship to mass

flow through the exterior nozzle (D1) by

VD2 = Vo,(-_ ) 2 (B-2)

The most accurate calibration position is end on (outside of D1). However, this

is not possible when the calibration is done in chamber D2 or D3, in which cases

the probe has to be placed side on and a correction to the readings was applied as

suggested by the manufacturer

Vco,, = VD_.K,f (B - 3)
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Kof is a correction factor that is a function of VD2 and wire diameter as shown in

Figure B2.

The hot-wire was heated electrically and the power dissipated in it was computed

from measurements of the output voltage and wire resistance. The wire resistance

at ambiant conditions was 6.92 ohms. The wire was operated at an overheat ratio of

1.8. The overheat ratio is defined as

R_= -- (B-4)
R_

where R,_ is the wire operatingresistanceand Ra is the wire resistanceat ambient

conditions.

The power dissipatedinthe sensoris

E 2 Rw
P= =H+K+R (S-5)

R,_ + Ro

H represents convection, K, conduction , and R, radiation. E is the voltage across

the sensor and Ro = 10 Ohms (see Fig. B3). Radiation is usually neglegible, in the

present case it is on the order of 0.4% of the total power. The quantity of primary

interest is the convective heat transfer. For the hot-wire

H - NuxlK$(Tw - T_) (B-6)

where

Nu = _-A
K!

h

d

KI

Tf = 2

T.

Nusseltnumber

heat transfercoefficient

wire diameter

thermel conductivityof the fluidat the filmtemperature T/

Wire temperature

Ambient temperature of the fluid

A generalexpressionfor N. is

N,.= /(R.,P.,G.,M,K.,',I, .... )

where R,, isthe Reynolds number, P, the Prandtl number, G, the Grashoff number,

M the Mach number, Kn the Knudsen number, and 7 the specificheat ratio.The
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resultsofforcedconvectioninvestigationshave shown that a simple expressionexist

between the Nusseltnumber and Reynolds number, often referredto as King's law

[49], which is of the form

N,_ = A' + B'R. °'s (B - 8)

The constants A _ and B _ are determined from calibration. For low density flow, the

most relevant parameter is the Knudsen number, defined as the ratio of the mean free

path, A, to the wire diameter

Kn = -Aj= _/_MRe (B-9)

For air, the value of A is 6.4x10 -e cm at a density corresponding to 76.0 cm of

mercury and 15 °C [50]. The value at the same temperature for other pressures is

[cm] (B-10)

where p isthe fluidpressurein cm ofmercury.

R issuggested in reference[50]that the regionsof the various flows may be

classifiedroughly as follows:

0 < Kn < 0.015 continuum flow

0.015 < Kn < 0.15 slip flow
..

0.15 < Kn < 1 mixed flow

I0 < Kn free-molecularflow

The valueofKn was 0.02duringcalibrations.The range ofKnudsen numbers during

measurements was between 0.4 and 0.5. The differencecomes from the fact that

the pressureinsidethe bleed plenum chamber was low. Because of the differencein

Knudsen numbers between calibrationand measurements, a correctionwas applied

to reduce all measured data to continuum conditions. A correction for temperature

jump based on kinetic theory as outlined by Collis and Williams [51] is used.

When thermal conduction takes place between a rarefied gas and a boundary

wall, there is a discontinuity in temperature at the wall. If the wall temperature is T_,

and To is what the temperature of the gas would be if the temperature gradient along

the outward normal, aT/an, continued right up to the wall, then the discontinuty, or

temperature jump, is given by

aT

T, - T, = -f(_) (B - 11)



where f isa constantgiven by
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2qf 12-cz L (B 12)
'_i+ l Pr a

a is the accomodation coefficient of the surface for the particular gas. For air, 7 = 1.4,

Pr = 0.72, and for tungsten in air c_ _ 0.9 so that

OT
T_ - Te - -2L_ (B - 13)

Here L is defined by the relation

and

L= _ (B- 14)
cp-d

where R is the gas constant per unit mass, p and p the density and viscosity

respectively,and c isa constant (c-_0.5).

Ifthe wireismaintained at a temperature loading(T_ - 7'.),and q the heatloss

per unitareaismeasured, then the heat transfercoefficienth_ iscalculatedfrom the

relation

E_R_

q - h_(T_ - Ta) = (R + R.) _ (B- 16)

Assuming the measured heat transferrate isthe same as would take place from a

cylinderofthesame diameter,ata temperatureT.,immersed ina perfectlycontinuous

gas,the continuum heat transfercoefficientwould be given by

OT

q= h.(T. - T.) = - (kT_)T.

Combining the last two equations with equation (B-13) it can be shown that

1 1 L

h: = h-_- 2(_)_.

which may be written alternatively as :

L 1 E_R_

To = T. - 2(-_)T._rdl.. Ro +

(B- 17)

(8-19)

(8-zs)
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The correct value of Te must be obtained by successive approximation, starting with

Te -- T_. The continuum Nnsselt number can then be determined from

h°d

= (B- 20)

where k,_ is the thermal conductivity of air at the mean film temperature

To+To
T,_ -- 2 (B - 22)

Values of the thermal conductivity were obtained from the Prandtl number formula

k -- pCp (B - 23)
Pr

with Pr - 0.72, C_ the specific heat at constant pressure, and p given by Sutherland's

viscosity law.

The corrected Nusselt numbers from calibration are plotted against the square

root of the Reynolds number in Figure B4. A least squares fit of the data to equation

(B-8) gives the constants A _ = 0.66 and B _ = 0.95. It is apparent that above a

Reynolds number of 0.4, the curve follows a straight line. Below this limit, the data

starts to diverge from the linear behavior. According to Collis and Williams, this

divergence occurs because natural convection becomes comparable in magnitude to

the forced convection (see Figure B5). The wire is then in a mixed natural and forced

convection regime. They pointed out that there is a lower limit of velocity which can

be measured without ambiguity.

During bleed surveys, the hot-wire was operated at the same overheat ratio

as during calibration. The temperature inside the bleed plenum chamber was near

the temperature during calibration; however, the pressure and then the density were

approximately 10 times lower than calibration. The measured voltages were corrected

for the effect of Knudeen number as outlined above. For the A_ -- 3.0 tests, it is

suspected that the flow velocity was low and thus, the hot-wire readings were lower

than the fitted curve given by equation (B-8). This is the reason why the bleed could

not be deduced from the hot-wire calibration equation (equation (B-8)).



APPENDIX C

POROUS MATERIAL CALIBRATION

In the present appendix, the flow resistance characteristics of the porous material

used in the experiments are reported over a limited range of differential pressures

across the material. The flow resistance was determined with the air flow normal and

parallel to the porous plate surface.

Although the porous plate is best calibrated under actual tunnel operating

conditions, it was not possible to do this during the planning of the experiments.

Instead, some preliminary experiments outside of the wind tunnel were done to

determine the pressure drop as a function of the flow rate through the porous plate

with the flow being normal to the surface. The apparatus used for this calibration is

shown in Figure C1. It consists of a 3.175 cm (1.25 in) ID. pipe in which a circular

piece cut from the Dynapore material was clamped between two flanges. Flow was

induced through the porous material by a vacuum pump. The pressure drop and

therefore the volumetric flow rate was adjusted by two valves, one placed 10.16 cm

(4.0 in) upstream and the other 10.16 cm downstream of the porous material. The

two valves served to maintain a constant pressure on the upstream side of the sample

while varying the pressure drop through it. The total mass flow rate was measured

by a flowmeter. With this setup, the porous material was calibrated for upstream

pressures of 2.0 and 3.0 psia.

During tests in the empty tunnel, the porous plate insert was calibrated with the

free stream flow parallel to the surface. It should be remembered that the calibration

was made with the porous sheet backed by the honeycomb structure. Since the mass

flow rate through the bleed system could not be varied for fixed tunnel operating

conditions, and therefore for a constant pressure on the upstream side of the porous

material, only one point measurement was possible for each Mach number. However,

by changing the stagnation pressure inside the settling chamber, additional data could

be obtained. By changing the tunnel stagnation pressure, the pressure on the porous

surface changed also. For M = 2.5 the stagnation pressures were 20.0, 25.0, and 30.0

psia. Stagnation pressures of 30.0, 35.0, and 40.0 psia were used at M --- 3.0.
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The resultsarepresentedgraphicallyin FigureC2 asthe pressuredrop versus

the massflux per unit area of the porousmaterial. Thesecurvesshowthat the

upstreampressurehasan effecton the relationshipbetweenthe massflow and the

pressure drop. Another way of representing these results is by using a pressure drop

coefficient versus the Reynolds number based on the thickness of the porous material.

The data from Figure C2 is replotted in the above variables in Figure C3. It is seen

that the data collapse to one curve with some scatter in the data taken inside the wind

tunnel. This can be attributed to the fact that the pressure on the upstream surface

of the porous plate showed perturbations and the average of the measured values

was used. Another possible source of error is the use of two different instruments to

measure the flow rate in the normal and parallel flow calibrations.

A least squares fit of the data to the following equation

pv 2 Re

gives A -- 212.0 and B -- 7588.0. This equation is similar to the one suggested by the

manufacturer for normal flow under standard upstream conditions; only the constants

A and B are different. According to reference [52], equation (C-1) approximates very

well the flow through a variety of porous materials. For some porous materials, the

constants may also depend on the pressure on the upstream side.

In the range of the present experimental conditions, the results of the parallel

flow calibration show that the pressure drop through the porous material varies

approximately with the velocity squared. Although there may be a Mach number

dependence, it does not show clearly on the data.

Calibration equations describing the characteristics of the porous materials in

parallel flow, such as the one obtained above, are of considerable aid to the designer

who wishes to know the amount of bleed needed to prevent separation.
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Me

2.5

3.0

PT TT

[kpa] [K]

300.0

299.5

172.3
301.5

299.0

300.0

301.5
241.2

299.5

299.5

M_

2.5

3.0

PpL

[o] [kpa]

0 4.686

4 5.296

6 6.385

8 7.856

0 3.288

4 3.749

6 4.527

8 5.968

cx XG

[o] [cm]

0.0 -18.5

4.0 -19.4

6.0 -19.8

8.0 -20.2

0.0 -23.1

4.0 -24.0

6.0 -24.4

8.0 -24.8

0.027

0.032

0.038

0.049

0.021

0.022

0.029

0.038

YG

[cml

19.4

20.5

21.1

21.6

19.4

20.5

21.1

21.6

rhbt

0.057

0.066

0.080

0.102

0.049

0.050

0.067

0.088

F

0.009

0.010

0.013

0.016

0.007

0.008

0.011

0.014

TABLE I Experimental Conditions
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Pr

[kp_]

2.46 172.3

2.98 241.2

[K] [°]

4.5

300 6.5

8.5

4.5

3OO

6.5

xjh rhs

[m] [kg/s l

0.050 0.030

0.037 0.038

0.025 0.055

0.015 0.018

0.018 0.025

TABLE IX Conditions of Calculations
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g) Mach number contours
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g) Mach number contours
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h) Mach number contours
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h) Mach number contours
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h) Mach number contours
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h) Mach number contours
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h) Mach number contours
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_N, antage of being able to pr_lict the mass flux distribution and account for bleed variation pmdtx_l by the =reamwise pressure Ipudi_t.

Odetflmiom for 4.5" flow deflection on a smooth wall, with no maio., =re _ghtly in disagreemmt with the =Imim=_ rind= oftbe rough plate

became the effect of roughness is not modeled. For the 6 ° and 8" flow deflections, the flow is separmed and therefore the numerical code failed.

For tbe bleed cases, computations were made for the 4", 6", and 8" flow deflections. The _ results are in faidy good agreement with the

¢x_ data. The empirical bleed model is capable of predioing the correct bleed dislriimtion through the porous wall.
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